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1. Introduction 
 
The ability to detect environmental chemical cues and translate this information into 
meaningful cellular responses is the phylogenetically oldest and perhaps the most 
important form of a cell and/or organism to interact with the outside world. During 
evolution, organisms have therefore developed different subsets of sensory systems 
that detect and identify chemical stimuli from their environment. The chemical senses 
comprise olfaction and gustation which represent the dominant sensory modalities for 
the majority of animals. Although olfaction is often considered a 'lower' sense in 
humans, without this sensory ability we would not be able to enjoy a delicious meal, 
would miss out on many emotions and memories, and would not be warned of 
spoiled or poisonous food. Moreover, most mammals that lose the ability to smell are 
nonviable. They are not able to suckle, mate, or even escape their enemies. 
The gustatory system mainly detects water-soluble, nonvolatile stimuli and is, thus, 
responsible for the evaluation of food. The sense of smell, instead, detects relatively 
hydrophobic substances (Doty et al., 1994; Farbman, 1994) and plays an important 
role in social communication. The exchange of olfactory stimuli is essential for mate 
choice, to discern the social status of conspecifics, and determine an individual’s 
gender, genetic compatibility, and health. In addition, olfaction is essential for 
marking territories, spatial orientation as well as sexual communication between 
potential mating partners. Even emotions such as anxiety or stress can be detected 
via the olfactory system. 
The intraspecific chemical information exchange involves an enigmatic class of 
intrinsically instructive semiochemicals – pheromones. Despite their crucial role in 
instinctive, social, and sexual behaviors, the principle mechanisms of pheromone 
detection remain largely mysterious. 
 
 
 
 
Figure 1.1: Schematic diagram showing the 
heterogeneous organization of the rodent 
nose into chemosensory subsystems with the 
main olfactory epithelium (MOE), 
vomeronasal organ (VNO), septal organ 
(SO), and Grueneberg ganglion (GG). 
Modified from Spehr et al., 2006a. 
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To meet the bewildering complexity of chemical stimuli, the mammalian nose is 
organized into chemosensory subsystems (see: Zufall and Munger, 2001; Breer et 
al., 2006). On the anatomical level, at least four distinct chemosensory tissues can be 
discriminated - the main olfactory epithelium (MOE), the vomeronasal organ (VNO), 
the septal organ (SO), and the Grueneberg ganglion (GG) (Fig. 1.1). The most 
fundamental division is currently drawn between the main and accessory olfactory 
system (Munger et al., 2009; Ma 2007; Breer et al., 2006). 
 
1.1 The main olfactory system 
The primary events in odor detection occur in a specialized neuronal tissue, the main 
olfactory epithelium (MOE), which lines the posterior part of the nasal septum as well 
as the dorsolateral surface of the endoturbinates. The past years have seen an 
explosion of studies on the neurophysiology of this chemosensory subsystem. 
‘Classical’ olfactory sensory neurons (OSNs) reside in the MOE and express 
members of the odorant receptor (OR) gene superfamily (Buck and Axel, 1991). As a 
hallmark of chemosensory systems, each olfactory neuron apparently expresses only 
one member of the OR gene family in a monoallelic and mutually exclusive manner 
(Serizawa et al., 2004; 2005). This ‘one receptor – one neuron’ hypothesis, however, 
is still far from being proven (Mombaerts, 2004; Spehr and Leinders-Zufall, 2005). 
For example, in Drosophila melanogaster, the OR83b gene is ubiquitously 
coexpressed alongside a conventional OR in almost all OSNs (Vosshall et al., 1999; 
2000; Krieger et al., 2003). In addition, members of the V2R2 subfamily of 
vomeronasal receptor genes are coexpressed with conventional V2R receptors 
(Martini et al., 2001), and also functional interference of taste receptors was shown 
(Scott, 2004). 
ORs are members of the superfamily of G protein-coupled receptors (GPCRs) that 
share seven α-helical transmembrane domains, an extracellular amino terminus and 
an intracellular carboxy terminus. Mammalian GPCRs are divided into three main 
classes based on protein sequence similarity: the rhodopsin receptor-like family (A), 
the secretin receptor-like receptor family (B) and the metabotropic glutamate receptor 
family (C) (Bockaert and Pin, 1999; Josefsson, 1999; Graul and Sadee, 2001; Joost 
and Methner, 2002). Upon ligand interaction, these receptors change their 
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conformation in transmembrane domain 3 and 6 and, thereby, bind and activate 
heterotrimeric G-proteins. 
 
 
Figure 1.2: Olfactory sensory neurons (OSNs) express olfactory receptors that are members of the 
large protein family of G-protein coupled receptors. The binding of an odor to an OR activates an 
associated trimeric G-protein by exchanging its bound GDP for GTP. The GTP binding Gα-subunit 
dissociates from the Gβγ-complex. As a member of the Gs family of G-proteins, the Gα−subunit then 
activates a type III isoform adenylate-cyclase (AC III) which catalyses the reaction from ATP to cAMP. 
The increased cAMP level, in turn, induces the opening of cyclic nucleotide-gated (CNG) channels 
through which Na+ and Ca2+ flow into the cell. The elevated Ca2+ concentration then triggers opening 
of Ca2+-dependent Cl--channels which further enhance membrane depolarization by Cl- efflux. 
Modified from Spehr et al., 2006a. 
 
The canonical signaling cascade in the majority of MOE neurons is already well 
characterized (Fig. 1.2). Binding of an odor molecule to the binding pocket of the OR 
leads to activation and dissociation of the trimeric Golf-protein (Jones and Reed, 
1989; Belluscio et al., 1998) into a freely diffusable GTP-bound Gα-subunit and the 
stationary Gβγ-complex. The Gα-subunit activates an adenylate-cyclase type III 
isoform (Bakalyar and Reed, 1990; Wong et al., 2000) that catalyzes the conversion 
of ATP to cAMP, thereby transiently increasing the ciliary cAMP level. In turn, cAMP-
dependent opening of cyclic nucleotide-gated (CNG) channels (Dhallan et al., 1990; 
Ludwig et al., 1990; Bradley et al., 1994; Liman and Buck, 1994) and successive 
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activation of Ca2+-activated Cl- channels (CaCC; Kleene and Gesteland, 1991; 
Kurahashi and Yau, 1993) results in a depolarizing receptor current that is 
transformed into axonal trains of action potentials (see: Firestein, 2001). Until 
recently, the molecular identity of the CaCC was unknown. In 2009, however, a 
member of the transmembrane 16 group of proteins (TMEM16B, also called 
Anoctamin 2 (ANO2)), was shown to form a recombinant CaCC that exhibits channel 
properties closely resembling the native olfactory CaCC (Stephan et al., 2009; Pifferi 
et al., 2009).  
Although OSNs are widely and apparently randomly distributed in the olfactory 
epithelium, their axonal targeting shows a highly convergent projection pattern in the 
olfactory bulb (OB) where they terminate in discrete spherical anatomical structures 
called glomeruli (Cajal, 1911; Shepherd et al., 2004; Mombaerts et al., 1996; 1999; 
2006; Bozza and Mombaerts, 2001). OSNs expressing the same OR project their 
unbranched axons to a single or a few distinct glomeruli in the main olfactory bulb 
(Mombaerts et al., 1996; Ressler et al., 1994). The location of each glomerulus is 
characteristic within the glomerular layer of the bulb (Strotmann et al., 2000). Within 
glomeruli, thousands of afferents synapse with the dendrites of second-order 
projection neurons (mitral / tufted cells) as well as various types of local interneurons 
(Mori et al., 1999, 2006; Johnson et al., 2007). The processing of odor information, 
thus, results in spatiotemporal activity maps in the main olfactory bulb (Wang et al., 
2003; Mori et al., 2006; Johnsons and Leon, 2007).  
Aside OR expressing neurons, the MOE contains other populations of sensory 
neurons. One such subpopulation expresses trace amine-associated receptors 
(TAARs) instead of ORs in unique neuronal subsets (Liberles and Buck, 2006). 
Similar to ORs, different mouse TAARs are expressed in different neurons. TAARs in 
the MOE detect small-molecule amines and, thus, may function as a family of 
chemosensory receptors for amines (Liberles and Buck, 2006). In addition, a subset 
of nasal chemosensory cells is located at the anterior end of the nasal cavity and 
along the anterior ducts of the vomeronasal organ. These cells express T2R ’bitter-
taste‘ receptors and have been proposed to detect inhaled toxic dusts or aerosols to 
trigger respiratory reflexes (Finger et al., 2003). 
Another subpopulation of ciliated MOE neurons that represents less than 1 % of all 
OSNs exhibits both unique anatomical and functional characteristics (Zufall and 
Munger, 2001). Instead of ORs, Gαolf, ACIII, CNG channels, the Ca2+/calmodulin-
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dependent phosphodiesterase 1C2 (PDE1C2), and the cAMP-specific PDE4A, these 
neurons express a receptor guanylyl cyclase (GC-D), project to a small group of 
approximately 9 - 12 so-called necklace glomeruli in the caudal MOB (Gibson and 
Garbers, 2000), and express two putative transduction proteins reminiscent of a 
cGMP-mediated transduction pathway: a CNGA3 channel subunit and a cGMP-
stimulated PDE2 (Juilfs et al., 1997; Meyer et al., 2000). Recently, Leinders-Zufall 
and coworkers could show that GC-D cells detect the peptide hormones uroguanylin 
and guanylin as well as natural urinary stimuli. The recognition of these stimuli 
suggests that these cells may contribute to the maintenance of salt and water 
homeostasis or the detection of cues related to hunger, satiety, or thirst (Leinders-
Zufall et al., 2007). By contrast, Hu and colleagues showed that GC-D neurons are 
activated by CO2 exposure at near-atmospheric levels (Hu et al., 2007). These two 
new studies represent the first evidence for a chemosensory function of this unique 
olfactory subsystem. 
 
1.2 The accessory olfactory system 
In addition to the main olfactory system, most mammals possess an accessory 
olfactory pathway which has been attributed a predominant role in detection of 
chemical signals that mediate social recognition and pheromonal communication 
(Luo and Katz, 2004; Brennan, 2004). However, the two systems show considerable 
overlap with respect to the chemosignals they detect and the effects they mediate 
(Restrepo et al., 2004; Spehr et al., 2006a; Zufall and Leinders-Zufall, 2007). 
 
 
 
Figure 1.3: Schematic diagram illustrating the 
organization of the rodent nose into chemosensory 
subsystems. The vomeronasal organ (VNO) 
consists of two bilaterally symmetrical blind-ended 
tubular structures lining the anterior base of the 
septum. Two subpopulations of microvillous 
vomeronasal sensory neurons (VSNs) reside 
medially in either a more apical (red) or more 
basal (green) layer of a crescent shaped sensory 
epithelium. This organizational dichotomy is 
maintained by layer-specific axonal projection 
patterns in more rostral (red) or more caudal 
(green) areas of the accessory olfactory bulb 
(AOB). Modified from Spehr et al., 2006a. 
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The peripheral sensory structure of the accessory olfactory system, the vomeronasal 
organ (VNO), is build by two bilaterally symmetrical blind-ended, mucus filled tubes in 
a bony capsule. The VNO is located at the base of the nasal septum and is 
connected to the nasal cavity via the narrow vomeronasal duct. At least, two 
subpopulations of microvillous vomeronasal sensory neurons (VSNs) are arranged 
medially in a crescent-shaped sensory epithelium (Fig. 1.3; Brennan, 2004). Each 
bipolar VSN extends a single apical dendrite that, bypassing a layer of sustentacular 
cells, ends in a microvillous knob which is bathed in mucus secreted by vomeronasal 
glands. Upon intimate contact with a pheromone source, stimuli access the VNO 
lumen by pulsative vascular contractions of a large lateral blood vessel. This 
mechanism enables the VNO to take up relatively non-volatile cues e.g. from urine 
deposits, vaginal secretions, scent gland secretions or saliva.  
 
 
 
 
 
 
 
 
Figure 1.4: Vomeronasal sensory neurons 
(VSNs) are topographically segregated in an 
apical and a basal layer. Both subpopulations 
express different repertoires of signaling 
molecules. Apical VSNs coexpress V1R 
receptors and the G-protein subunit Gαi 
whereas basal VSNs coexpress V2R 
receptors and the Gαo subunit. Phospholipase 
C (PLC) and the transient receptor potential 
C2 (TRPC2) channel apparently are parts of 
the signaling cascade. Phosphatidylinositol 
4,5-bisphosphate (PIP2), inositol 1,4,5-
trisphosphate (IP3) diacylglycerol (DAG), and 
polyunsaturated fatty acids (PUFAs) are 
hypothesized to be signaling molecules. 
Modified from Spehr et al., 2006a. 
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The rodent vomeronasal system is organized in a dichotomic manner (Fig. 1.3 and 
1.4). Two topographically segregated VSN subpopulations express distinct 
repertoires of receptors and other putative signaling molecules (Fig. 1.4). VSNs with 
cell bodies in the apical layer of the sensory epithelium express the G-protein α-
subunit Gαi2 in concert with one member of a multigene family that encodes over 130 
intact class A GPCRs – the V1Rs (Dulac and Axel, 1995; Rodriguez et al., 2002). 
Like OR genes, their coding regions are uninterrupted, full-length reading frames 
organized in genomic clusters and expressed in a monoallelic fashion (Mombaerts, 
2004). Neurons of the basal Gαo-positive zone express members of an unrelated 
class C GPCR family – the V2Rs (Herrada and Dulac, 1997; Matsunami and Buck, 
1997; Ryba and Tirindelli, 1997). Hallmark of all ~120 intact V2Rs is a large 
hydrophobic amino (N)-terminal extracellular domain, sharing sequence similarity 
with metabotropic glutamate receptors and Ca2+-sensing receptors. With the 
exception of receptors belonging to the V2R2 subfamily (Martini et al., 2001), both 
V1Rs and V2Rs appear to be expressed according to a one neuron – one receptor 
model. In 2003, two groups (Ishii et al., 2003; Loconto et al., 2003) showed that, in 
addition to V2Rs, basal neurons coexpress particular patterns of a family of nine 
nonclassical class I major histocompatibility Mhc genes, but the function of these 
genes is still unclear (Ishii and Mombaerts, 2008).  
Recently, a new receptor family was identified in the vomeronasal organ. A distinct 
subfamily of apical VSNs expresses formyl peptide receptor (FPR)-related genes that 
detect a group of agonists previously described as immune cell chemoattractants 
released during inflammation (Rivière et al., 2009; Liberles et al., 2009). The 
character of these stimuli suggests that FPR receptors in VSNs are involved in the 
detection of contaminated compounds such as spoiled food, or enable the 
identification of unhealthy conspecifics via the evaluation of bodily secretions (Rivière 
et al., 2009).  
The organizational dichotomy of the VNO is maintained at the projection level. Apical 
V1R-positive neurons project single, unbranched axons to the anterior area of the 
accessory olfactory bulb (AOB), whereas basal V2R-expressing VSNs project to the 
posterior AOB (Fig. 1.3). Neurons sharing the same receptor project to up to 30 
glomeruli. However, simultaneous innervations of multiple glomeruli by dendrites of 
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second-order mitral cells anatomically reorganize a convergent flow of information 
(Del Punta et al., 2002).  
In conclusion, processing of sensory input in the vomeronasal system employs a 
dichotomic labeled-line strategy: VSNs express a single receptor that is activated by 
a single behaviorally important chemical ligand (Luo and Katz, 2004). Recordings 
from AOB mitral cells of behaving mice (Luo et al., 2003) reveal selective excitation 
and inhibition, indicating that labeled-lines of sensory input are retained in the AOB.  
Only one mouse V1R, V1Rb2, has been deorphaned to date (Boschat et al., 2002) 
and no specific V2R ligand has been described so far. In gene-targeted neurons, 
V1Rb2 responds to 2-heptanone, a male urinary pheromone that extends oestrus in 
female mice (Novotny, 2003). The function of V1Rs as pheromone detectors is 
indirectly derived from physiological and behavioral deficits in mice that lack a cluster 
of 16 V1R genes, including V1Rb2 (Del Punta et al., 2002). However, these mice still 
respond to 2-heptanone. Thus, important aspects of V1R / V2R function remain 
elusive, but optical imaging in intact VNO slices (Leinders-Zufall et al., 2000) has 
revealed extraordinarily sensitive and narrow tuning profiles as hallmarks of 
vomeronasal neurons. 
Compared to most mammalian sensory systems, understanding the signaling 
pathways and sensory coding logic of the VNO is still in its infancy. Various 
transduction models have been proposed (Brann et al., 2002; Spehr et al., 2002; 
Lucas et al., 2003), but remain unconfirmed. Gαi2 and Gαo are coexpressed with 
V1Rs and V2Rs, respectively. Knockout models, however, failed to demonstrate a 
critical role of these G protein subunits in pheromone sensing (Norlin et al., 2003; 
Tanaka et al., 1999). Far better consensus is achieved on a key role of 
phospholipase C (PLC) in VNO transduction (Wekesa and Anholt, 1997; Krieger et 
al., 1999; Inamura et al., 1999; Rossler et al., 2000; Holy et al., 2000; Leinders-Zufall 
et al., 2000; Spehr et al., 2002; Lucas et al., 2003; Rivière et al., 2009). Consistent 
pharmacological evidence has placed the products of PLC activity – inositol 1,4,5-
trisphosphate (IP3) and diacylglycerol (DAG) – into the center of analysis. IP3, DAG 
as well as polyunsaturated fatty acids (PUFAs; DAG metabolites) have all been 
implicated in gating a Ca2+ permeable transduction channel (Brann et al., 2002; 
Lucas et al., 2003; Spehr et al., 2002). Analog to signaling pathways in Drosophila 
photoreceptors (Scott and Zuker, 1998), efforts to identify this channel have focused 
on transient receptor potential (TRP) channels. A distinct channel subunit, TRPC2, is 
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localized to VSN microvilli, the proposed site of pheromone transduction (Liman et 
al., 1999). Recombinant expression studies were largely unsuccessful in establishing 
an activation mechanism for TRPC2 (Hofmann et al., 2000; 2002). In mouse VSNs, 
however, targeted TRPC2 deletion strongly diminishes a DAG-activated current 
(Lucas et al., 2003). TRPC2-- mice show defects in a variety of social and sexual 
behaviors. Yet, it remains unclear whether these animals have strongly diminished 
(Leypold et al., 2002) or a complete lack (Stowers et al., 2002) of VNO responses. 
Similarly, there are significant differences between TRPC2 deletion and surgical VNO 
ablation (VNX), especially in sexual behavior (Pankevich et al., 2004; Kelliher et al., 
2006). 
Interestingly, Ca2+-activated nonselective cation channels have been characterized in 
hamster VSNs (Liman, 2003), introducing a new candidate transduction channel and 
adding Ca2+ to the list of important messenger molecules in vomeronasal signaling. 
Recently, it was reported that urine stimulation of VSNs activated large-conductance 
Ca2+-activated K+ (BK) channels via arachidonic acid (Uhkanov et al., 2007; Zhang et 
al., 2008). 
 
Major histocompatibility complex (MHC) molecules – class I and II cell-surface 
glycoproteins that present antigens to T-lymphocytes and thereby play a central role 
in immunologic self/nonself recognition (Janeway and Golstein, 1993) – also play an 
important role in a variety of complex social and sexual behaviors (Penn and Potts, 
1998). Mate choice based on MHC dissimilarity may function to produce disease-
resistant progeny or to reduce inbreeding which increases reproductive success in 
competitive natural environments. For two days after mating, pregnancy block 
induced by exposure of a recently mated female mouse to a male of unfamiliar MHC 
genotype represents another pronounced behavior that depends on individuality 
sensing. This pregnancy failure (Bruce effect) is based on formation of a social 
‘olfactory memory’ (Brennan, 2004). While it is clear that an individual’s MHC 
genotype regulates a unique body odor signature (odortype) that affects all aspects 
of individual recognition (Singh, 2001; Beauchamp and Yamazaki, 2003), the 
underlying mechanisms remain elusive. Leinders-Zufall and colleagues could show 
that basal VSNs as well as ‘classical’ OSNs are exceptionally sensitive to MHC class 
I peptides with detection thresholds in the picomolar range (Leinders-Zufall et al., 
2004; Spehr et al., 2006b). Furthermore, these peptides evoke unique, sequence-
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specific patterns of neural activity. In the pregnancy block paradigm, a VNO-
dependent phenomenon, the addition of just a few MHC peptides can switch familiar 
urine to an unfamiliar one, dramatically changing the pregnancy failure rate 
(Leinders-Zufall et al., 2004). Interestingly, this behavior turned out to be TRPC2-
independent (Kelliher et al., 2006).  
 
1.3  Gain control and input-output relationship in chemosensory signaling 
1.3.1 Adaptation mechanisms 
Sensory neurons respond to a given stimulus by action potential discharge, thereby 
encoding the stimulus intensity in a binary language. If the stimulus persists over a 
longer time scale without a change in intensity, sensory systems show characteristic 
adaptation mechanisms resulting in diminished electrical output and, in some cases, 
a complete loss of sensation. Thus, the term ‘sensory adaptation’ describes a 
temporary decrease of the neural stimulus-response function as the result of 
preceding or repetitive stimulation. The time-course of sensory adaptation varies 
considerably among different systems. Slowly adapting receptors are able to signal 
stimulus magnitude for several minutes, whereas rapidly adapting systems respond 
only phasically at the beginning and end of a stimulation period. 
The remarkable ability of retinal photoreceptor cells to adjust to various light intensity 
levels (see: Perlman and Normann, 1998; Calvert and Makino, 2002) as well as the 
capability of OSNs to simultaneously employ a number of different cellular gain 
control mechanisms (see: Menini, 1999; Matthews and Reisert, 2003) constitute 
prominent examples of sensory adaptation. The ability of the VNO to orchestrate 
social behaviors depends critically on the proper functioning of almost half a million 
vomeronasal sensory neurons residing in the organ. Tremendous progress has been 
made in recent years in defining the molecular nature of mouse pheromones (see: 
Brennan and Zufall, 2006; Zufall and Leinders-Zufall, 2007) and identifying receptor 
gene families that might mediate VSN signal detection (Tirindelli et al., 1998; Dulac 
and Torello, 2003; Mombaerts, 2004; Young and Trask, 2007; Zhang et al., 2007). 
However, much less is known about the dynamic processes within each VSN that 
ultimately determine how a sensory response is generated. Of particular interest are 
the mechanisms that determine the sensitivity of pheromone detection. VSNs are 
among the most sensitive chemodetectors in mammals, with activation thresholds in 
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the picomolar range, and their responses saturate over about 2-3 orders of 
magnitude of ligand concentration, indicating that these neurons are capable of 
encoding stimulus intensity over a given concentration range (Leinders-Zufall et al., 
2000; 2004; Kimoto et al., 2005; Chamero et al., 2007). VSNs are also remarkably 
sensitive to the injection of very small currents, with only a few picoamperes of 
inward current leading to repetitive action potential discharges (Liman and Corey, 
1996; Shimazaki et al., 2006; Ukhanov et al., 2007; Hagendorf et al., 2009). But how 
is this exquisite sensitivity maintained over a range of stimulus intensities? To deal 
with this problem, sensory systems have evolved highly effective adaptation 
strategies (Torre et al., 1995; Menini, 1999; Zufall and Leinders-Zufall, 2000). In 
OSNs, the increased ciliary Ca2+ concentration after opening of CNG channels plays 
a key role in olfactory adaptation. CNGA2 and CNGB1β subunits possess binding 
pockets for both Ca2+ and calmodulin. The increased Ca2+ concentration results in the 
binding of Ca2+/calmodulin (Ca/CaM) which leads to a decrease in cAMP sensitivity 
of the CNG channel (negative feedback regulation) (Chen and Yau, 1994; Liu et al., 
1994). Recently, Song and colleagues (2008) could show that Ca2+/CaM-mediated 
fast desensitization of the CNG channel play a less important role in regulating 
receptor potential/current amplitudes to recurring stimulation than previously thought 
and instead functions primarily to terminate the OSN response during and after 
stimulation. 
VSN function should also be tightly regulated through adaptation mechanisms to 
prevent saturation of the signal transduction machinery. Yet, the prevailing view of 
vomeronasal pheromone detection is that the entire chemotransduction process fails 
to adapt and that sensory adaptation might be undesirable in this biological system 
(Holy et al., 2000). In response to receptor stimulation, VSNs produce an inward 
current that leads to Ca2+ entry and transient intracellular Ca2+ elevation (Inamura 
and Kashiwayanagi, 2000; Leinders-Zufall et al., 2000; Cinelli et al., 2002; Spehr et 
al., 2002; Lucas et al., 2003). A central component of the pheromone-sensitive 
current is a Ca2+-permeable, diacylglycerol-operated cation channel that depends in 
part on the trpc2 gene (Lucas et al., 2003; Zufall et al., 2005). Whether the 
pheromone induced Ca2+ rise contributes to chemoelectrical transduction and signal 
amplification in VSNs is not known.  
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1.3.2 Homeostatic plasticity 
Detection of semiochemicals can trigger profound changes in endocrine status and/or 
initiate genetically pre-programmed behaviors (Halpern and Martinez-Marcos, 2003; 
Dulac and Torello, 2003). To ensure faithful transduction of such biologically relevant 
information, the dynamic range of VSN input–output relationships needs to be 
constantly adjusted within meaningful firing rate limits. In both theoretical and 
experimental models, neurons achieve such homeostatic plasticity by regulating the 
balance of intrinsic ionic conductances in an activity-dependent fashion (Turrigiano, 
1999; Zhang and Linden, 2003; Davis, 2006). One component of these changes is 
the activity-driven induction of gene expression. Experimentally, compensatory 
feedback in a homeostatic system is frequently induced by chronic activity 
deprivation (Turrigiano and Nelson 2004). However, homeostatic compensation is 
generally bidirectional, i.e. experimental perturbations are counteracted by either an 
increase or decrease in neuronal excitability (Turrigiano and Nelson 2004; Davis, 
2006). In contrast to sensory adaptation, homeostatic plasticity integrates activity 
over a longer time scale, i.e. hours to days (Luther et al., 2003; Davis, 2006; Kim and 
Linden, 2007). As a high fidelity indicator of changes in neural activity (Goldberg and 
Yuste, 2005), Ca2+ signaling is believed to play a critical role in homeostatic 
compensation by controlling activity-dependent patterns of gene transcription 
(Turrigiano, 1999; West et al., 2001). In this context, several studies suggest that 
intrinsic plasticity must result from changes in the properties, number or distribution of 
ion channels on the neuronal surface. In particular, modulation of voltage-gated K+ 
channel gene expression represents a key molecular mechanism to regulate 
neuronal input-output relationships by compensatory feedback (Zhang and Linden, 
2003).  
 
1.4  Voltage-gated potassium channels 
Voltage-gated K+ channels form the largest family of mammalian ion channels (Hille, 
2001). Based on their ubiquitous neuronal expression and their immense structural 
and functional diversity, these channels are major determinants of membrane 
excitability and, thus, orchestrate the output characteristics of an individual neuron 
(Lai and Jan, 2006). Voltage-gated K+ (Kv) channels are integral membrane proteins. 
Different transmembrane (TM) topologies of Kv channel subunits can be 
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distinguished. 2TM, 4TM, 6TM, 7TM, and 8TM topologies denote 2, 4, 6, 7, or 8 
transmembrane domains, respectively. All subunits have a pore domain that is 
responsible for the ion selectivity and conduction. The pore structure is highly 
conserved among different Kv channels. They also share a gate at the intracellular 
end of the pore which controls whether the pore is open (ion conducting) or closed. 
Subunits with 6TM architecture also have a voltage-sensing S4 segment that 
contains a helix with multiple positively charged residues. This voltage-sensor detects 
changes in the transmembrane electric field by relative movement of the S4 
segment(s) which, in turn, results in conformational changes that lead to opening of 
the gate allowing K+ to rapidly flow through the central pore along the electrochemical 
gradient. Fully assembled 2TM and 6TM Kv channels comprise four subunits that 
encircle a central ion conduction pathway. Often the channel itself is supplemented 
by auxiliary subunits typically called β-subunits (see: Hille, 2001; Sands et al., 2005; 
Grottesi et al., 2005). 
 
1.4.1 The ether-a-go-go-related gene (ERG) channel 
Within the K+ channel family, the ether-à-go-go-related gene (ERG) channels 
represent a unique subfamily of proteins that exhibit distinct gating kinetics and 
pharmacological properties (Schwarz and Bauer, 2004). In mice, the ERG subfamily 
is composed of three members named mERG1, mERG2, and mERG3 (Warmke and 
Ganetzky, 1994; Shi et al. 1997). Two splice variants of mERG1 have been cloned 
from mouse heart (London et al., 1997; Lees-Miller et al., 1997) and are designated 
as isoforms mERG1a and mERG1b. The shorter isoform mERG1b lacks 36 N-
terminal amino acids including the Per-ARNT-Sim motif that is critical for slow 
channel deactivation (Morais Cabral et al., 1998). So far, the great majority of studies 
on ERG channel physiology have focused on hERG, the human homolog of mERG1, 
which is a key mediator of cardiac action potential repolarization (Schwarz and 
Bauer, 2004). Both inherited hERG mutations and drug-induced channel blockade 
cause long QT syndrome 2, a cardiac disorder that leads to lethal arrhythmia 
(Sanguinetti et al., 1995; Curran et al., 1995). In contrast to the well-characterized 
cardiac function of hERG, the physiological roles of ERG channels in the nervous 
system are poorly understood (Sanguinetti and Tristani-Firouzi, 2006). In neurons, 
functional ERG-mediated currents have been described in cultured rat 
rhombencephalic neurons (Hirdes et al., 2004), mouse cerebellar Purkinje neurons 
 (Sacco
2007), 
pars co
al., 199
horizon
auditor
ERG c
membr
 
 
Figure 
domains
of a tetra
 
All ER
mouse 
genera
with da
sugges
likely c
domain
function
2000) h
faster a
strongly
action 
(McCro
A disti
inactiva
 et al., 20
cultured q
mpacta n
8; Chies
tal cells in
y brainste
hannel fun
ane poten
1.5: a, ERG
 with intrace
mer formed
G channe
brain. The
lly found in
ta obtaine
t that end
oassembl
 MinK-rel
al associa
as been s
ctivation 
 inhibited
potentials
sson et al
nctive cha
tion upon
03), mou
uail neura
eurons (N
a et al., 1
 the mam
m neurons
ctions hav
tial, spike 
 subunits 
llular N- and
 by the asse
l subunits
 most abu
 the soma
d in a rec
ogenous 
ing with 
ated pept
tion with 
hown in r
and slowe
 hERG cu
 and low
., 2003). 
racteristic
 depolariz
se ventra
l crest ce
edergaard
997), prim
malian ret
 (Hardma
e been pr
repolarizat
are integral
 C-termini a
mbly of ERG
 as well a
ndant exp
ta of cent
onstituted
ERG cha
modulator
ides (MiR
MiRP1 an
ecombinan
r deactiva
rrents. In a
er firing 
 of ERG 
ation, tog
l horn GA
lls (Arcang
, 2004), n
ary corti
ina (Feige
n and Fo
oposed su
ion or freq
 membrane
nd a positiv
 subunits. M
s both E
ression w
ral neuron
 system (
nnels asse
y β-subun
Ps; Abbot
d MiRP2 
t systems
tion kinet
ddition, M
frequency
channels 
ether with
BAergic i
eli et al., 
euroblasto
cal neuro
nspan et a
rsythe, 20
ch as the
uency acc
 proteins c
ely charged 
odified from
RG1 isofo
ith a high d
s (Guasti 
Wimmers 
mble as 
its such 
t and Go
(Abbott et 
. MiRP1 / 
ics, where
iRP2 was
 in mamm
is their u
 relativel
nterneuron
1998), ra
ma cell li
ns (Huffak
l., 2009) 
09). In the
 maintena
ommodati
onsisting of 
S4 region. b
 Pond and N
rms are 
egree of 
et al., 200
et al., 200
heterotetr
as single
ldstein, 20
al., 1999; 
hERG com
as coexpr
 recently s
alian ne
nconventio
y slow de
Intro
s (Furlan
t substant
nes (Arca
er et al.,
as well as
se cells, 
nce of the
on.  
six transm
, Schematic
erbonne, 20
expressed
subunit ov
5). In conj
2), these
amers (Fi
 transme
02). For 
Schroede
plexes ex
ession of 
hown to b
uron sim
nal gatin
activation
duction 
14 
 
 et al., 
ia nigra 
ngeli et 
 2009), 
 mouse 
diverse 
 resting 
 
embrane 
 drawing 
01. 
 in the 
erlap is 
unction 
 results 
g. 1.5), 
mbrane 
hERG, 
r et al., 
hibited 
MiRP2 
roaden 
ulations 
g. Fast 
 during 
 Introduction 
15 
 
repolarization, underlies inward net ion movement (Schwarz and Bauer, 2004). 
However, many endogenous ERG channels display different kinetics than 
heterologuesly expressed subunits and, in addition, gating properties vary 
substantially between channels. For example, ERG1b and ERG3 channels activate 
and deactivate considerably faster than ERG1a or ERG2 subunits (Hirdes et al., 
2005). Moreover, ERG3 shows relatively slow inactivation and only weak inward 
rectification, creating a considerable steady-state current upon depolarization (Shi et 
al., 1997;  McKay and Huizinga, 2006). Notably, in heteromeric channels, the 
activation and deactivation kinetics appear to be dominated by the faster subunits 
(Wimmers et al., 2002). 
Mouse knockout models represent a straight-forward approach for phenotypic 
analysis of a given gene’s function. Targeted disruption of mERG1, however, is 
embryonically lethal in homozygous form (Salama and London, 2007). The severe 
cardiac phenotype of ERG1 mutations, on the other hand, has stimulated a vigorous 
search for pharmacological agents modulating ERG channels. Several both potent 
and highly selective ERG channel inhibitors such as the methanesulfonanilide class 
III antiarrhythmic agent E-4031 or the Scorpion peptide toxins ErgTx-1 (Gurrola et al., 
1999) and rBeKm-1 (Korolkova et al., 2001) are currently available, thus, allowing for 
specific pharmacological isolation of ERG currents in physiological experiments 
(Bauer and Schwarz, 2001).  
 
1.5  Aims 
In addition to the main olfactory system, most mammals possess an accessory 
olfactory pathway - its peripheral structure constituted by the VNO - which has been 
attributed a predominant role in detection of chemical signals that mediate social 
recognition and pheromonal communication. Given the fundamental functional 
importance of the vomeronasal system in mammalian social and sexual behavior, 
surprisingly few solid experimental data on the basic molecular and cellular 
mechanisms underlying vomeronasal pheromone sensing are currently available. 
The overall aim of my thesis, therefore, was to gain a deeper understanding of the 
signal transduction pathways employed in the mouse VNO. Specifically, my research 
focuses on three important aspects of vomeronasal signaling: plasticity, adaptation, 
and peripheral activity correlated to olfactory learning. 
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Apart from immediate behavioral responses (e.g. aggressive territorial behavior), 
pheromone detection by the VNO can trigger profound stereotyped changes in the 
endocrine status of an individual. To adequately respond to various levels of sensory 
input, vomeronasal neurons will have to adjust their input-output relationship within a 
wide range of stimulus intensities. Non-hebbian plasticity is a possible mechanism to 
control a set-point output range over a longer time-scale by changing the protein 
expression. To examine whether VSNs dynamically adjust their input-output 
relationship, I aim to identify key ion channels involved in such homeostatic plasticity 
using a systems biology approach. I will specifically compare K+ channel expression 
levels in vomeronasal tissue from mice either exposed to pheromonal cues or 
deprived from stimulation. Candidate ion channels, potentially involved in adjusting 
set-point output patterns, will be further examined using molecular biological, 
biochemical, immunhistochemical, and electrophysiological methods to analyze the 
function of these proteins. 
Second, in sensory neurons, adaptation mechanisms are generally necessary to 
dynamically change sensitivity over a range of stimulus intensities. In the VNO, 
however, adaptation was not observed in previous studies. A parallel collaborative 
project is, thus, designed to scrutinize adaptation mechanisms in VSNs. Ca2+, as a 
central component of the VNO transduction pathway, and calmodulin, a Ca2+-binding 
enzyme that exerts a negative feedback in OSN adaptation, are possible key 
molecules in VSN adaptation mechanisms. Hence, I will ask whether adaptation 
occurs in VSNs by investigating the function of Ca2+ and calmodulin on the TRPC2 
channel, the predicted ion channel in the primary signaling cascade. 
Third, the detection of semiochemicals in the VNO can induce robust single trial 
olfactory imprinting as observed e.g. in mating partner recognition. Such long-term 
memory phenomena might be a result of specific VSN output characteristics. 
Therefore, a detailed analysis of vomeronasal output patterns will be performed. 
Preliminary data from previous studies showed long-lasting Ca2+ oscillations in 
dissociated VSNs after urine exposure. To further investigate this sustained activity of 
VSNs, I will perform parallel electrophysiological and life-cell imaging recordings. A 
detailed description of VSN output patterns and the identification of underlying 
signaling mechanisms are an important aspect of my study.  
Together, the data generated in this thesis will likely provide new insights into 
vomeronasal signaling and its impact on social behavior in mice. The majority of data 
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presented in this thesis have been published as two independent articles in The 
Journal of Neuroscience (Hagendorf et al., 2009; Spehr et al., 2009). Another 
publication on persistent activity in VSNs is currently in preparation. 
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2. Materials and Methods 
 
2.1 Equipment 
Amplifier EPC-10 HEKA Elektronik 
Bioanalyzer 2100 bioanalyzer, RNA 6000 Pico 
LabChip 
Agilent 
Confocal 
microscope 
LSM510-Meta Zeiss 
Cryostat CM 3050 S Leica Microsystems 
Immunoblotting 
system 
BioRad Criterion Blotter (wet blotting 
system) 
BioRad 
Microforge MF-830 microforge Narishige 
Micropipette 
puller 
PC-10 vertical two-step puller Narishige 
Microscope Leica DM LFSA Leica Microsystems 
PCR-Cycler Mastercycler ep gradient S Eppendorf 
Photometer NanoDrop® ND-1000 UV-Vis 
Spectrophotometer 
Thermo Fisher Scientific 
Recording 
chamber 
Slice Mini Chamber Luigs & Neumann 
Scanner GeneChip Scanner 3000 Affymetrix 
Sequencer 3130xl Genetic Analyzer Applied Biosystems 
Ti:sapphire 
laser 
Mai Tai® Spectra Physics 
Vibratome VT1000S Leica Microsystems 
Washing 
station 
GeneChip Fluidics Station 400 Affymetrix 
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2.2 Consumables 
BD Falcon™ Cell Strainer nylon meshes  
(70 µm pore diameter)      Becton Dickinson 
Borosilicate glass capillaries with filament  
and firepolished ends  
(1.50 mm OD / 0.86 mm ID)    Science Products 
Complete Mini protease inhibitor cocktail tablets  Roche 
Immobilon Transfer Membranes     Millipore 
Mouse Genome430_2.0 arrays     Affymetrix 
Nitrocellulose membrane (Protran)    Schleicher & Schuell 
Tissue Freezing Medium      Leica Microsystems 
 
2.3 Enzymes and kits 
BigDye Terminator v3.1 Cycle Sequencing Kit   Applied Biosystems 
Bradford protein assay kit      BioRad 
DNase        Promega 
GeneChip® Poly-A RNA Control Kit   Affymetrix 
M-MLV reverse transcriptase     Invitrogen 
RNeasy Mini Kit       Qiagen 
Taq DNA polymerase      Promega 
 
2.4 Antibodies 
Primary antisera: 
rabbit anti-KCNH2 (ERG1)    Alomone Labs  
rabbit anti-KCNH2 (ERG1)    Santa Cruz Biotechnology 
rabbit anti-KCNH6 (ERG2)    Alomone Labs 
rabbit anti-KCNH7 (ERG3)    Alomone Labs 
rabbit anti-KCNE3 (MiRP2)    Alomone Labs 
rabbit anti-V2R2 Dr. R. Tirindelli (University of 
Parma, Parma, Italy) 
rabbit anti-PDE4A       Novus Biologicals  
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rabbit anti-TRPC2  Dr. E.R. Liman (University of 
Southern California, Los 
Angeles, Ca) 
rabbit anti-calmodulin      Zymed Laboratories 
mouse anti-GAPDH      Abcam 
rabbit anti-β-tubulin      Abcam 
 
Secondary antibodies: 
goat anti-rabbit Alexa® Fluor488                                 Molecular Probes  
goat anti-rabbit Alexa® Fluor532    Molecular Probes 
goat anti-rabbit Alexa® Fluor633    Molecular Probes 
horseradish peroxidase-conjugated  
goat anti-rabbit IgG      BioRad 
horseradish peroxidase-conjugated  
goat anti-mouse IgG      BioRad 
 
2.5 Primer 
ERG1a:  5'-ATG CCG GTG CGG AGG GGC CAC-3' (fwd1)  
5'-TAG AAG GCG ATC TCC ACT TTG-3' (rev1) / T = 55°C  
ERG1b:  5'-ATG GCG ATT CCA ACC GGG AAG-3' (fwd1)  
5'-ACA GTC AGG GGC TTG GGA CCC-3' (rev1) / T = 60°C  
ERG2:  5'-ATG CCA GTC CGC AGG GGC CA-3' (fwd1)  
5'-CAT CCA CCA GGC AGC GGA AGC-3' (rev1) / T = 58°C  
ERG3:  5'-ATG CCT GTT CGC AGG GGG CAT-3' (fwd1)  
5'-CTG GGA TTA TGT GAG TGT TAC-3' (rev1) / T = 54°C  
MiRP2:  5‘-ATG GAG ACT TCC AAC GGG AC-3’ (fwd1)  
5’-GAC CTG GTA CAT GAG CCT CC-3’ (rev1) / T = 56°C 
Nested PCR: 
ERG1a:  5'- TCG CGC CGC AGA ACA CCT TCC-3' (fwd2) 
5'- CTC CTC TGC GCC CAG CAG GGC-3' (rev2) / T = 63°C  
ERG1b:  5'-CAG GGG CTC TGC AGC CCA GGG-3' (fwd2)  
5'-CTC CTT CAG CAG GAA GGC GGC-3' (rev2) / T = 62°C 
ERG2:  5'-CCA AAA CAC TTA CTT GGA CAC-3' (fwd2) 
5'-CTT GCG ATA GTA GAG GAT GTC C-3' (rev2) / T = 58°C 
ERG3:  5'-CTT CCT GGG GAC CAT CAT ACG-3' (fwd2) 
5'-CTT GTG ATA GTA GGT GAC C-3' (rev2) / T = 56°C 
MiRP2:  5’-TCA GAT CAT AGA CAC ACG GTT C-3’ (fwd2) 
5’-GAT GTA CAC ATG ATA GGG GTC-3’ (rev2) / T = 52°C. 
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2.6 Chemicals and inhibitors 
4',6-diamidino-2-phenylindole (DAPI)   Molecular Probes 
Alexa Fluor® Hydrazide     Molecular Probes 
CALP2       Tocris 
E-4031       Alomone Labs 
ECL Plus Western Blotting Reagent    GE Healthcare 
Fluo-4        Molecular Probes 
Mibefradil dihydrochloride     Tocris     
Nimodipine       Tocris 
Ophiobolin A       Alexis 
rBeKm-1       Alomone Labs 
rErgtoxin-1       Alomone Labs 
Restore Western Blot Stripping Buffer    Pierce 
Tetrodotoxin (TTX)      Biotrend 
Trizol Reagent       Invitrogen 
ω-conotoxin MVIIC      Tocris 
 
All other chemicals were purchased from Sigma.  
 
2.7 Software 
Adobe Photoshop CS3 Adobe Systems 
Clone Manager Sci-Ed Software 
confocal imaging software Zeiss 
Excel Microsoft 
FitMaster 2.20 HEKA Elektronik 
GCOS1.4 software      Affymetrix 
IGOR Pro 6.03A WaveMetrics 
JPCalcW Barry, 1994 
MetaMorph® 7.1 imaging software Universal Imaging Corporation 
MiniAnalysis Synaptosoft 
Neuromatic 1.86 written by Jason Rothman 
Patchmaster 2.20 HEKA Elektronik 
SigmaStat 3.11 Systat Software 
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Significance Analysis of Microarrays (SAM) tool http://www-
stat.stanford.edu/~tibs/SAM 
 
2.8 Solutions 
(1) HEPES-buffered extracellular solution (S1) containing (in mM):  
145 NaCl, 5 KCl, 1 CaCl2, 1 MgCl2, 10 HEPES; pH = 7.3 (adjusted with NaOH); 
osmolarity = 300 mosm (adjusted with glucose) 
(2) bicarbonate-buffered oxygenated (95% O2 / 5% CO2) extracellular solution (S2) 
containing (in mM):  
120 NaCl, 25 NaHCO3, 5 KCl, 1 MgSO4, 1 CaCl2, 5 BES (N,N-bis[2-hydroxyethyl]-2-
aminoethansulfonic acid); pH = 7.3; osmolarity = 300 mosm  
(3) elevated potassium extracellular solution (S3) containing (in mM):  
110 NaCl, 40 KCl, 1 MgCl2, 1.5 CaCl2, 5 EGTA (110 nM free Ca2+), 10 HEPES, 
tetrodotoxin (TTX; 0.5 µM); pH = 7.3; osmolarity = 300 mosm 
(4) low Ca2+ solution (S4) for enzymatic tissue digestion containing (in mM): 
135 NaCl, 5 EGTA, 4.25 CaCl2, 5 KCl, 10 NaOH, 1 MgCl2, 10 HEPES; pH = 7.3; 
osmolarity of 300 mosm 
(5) TEA extracellular solution (S5) for isolating Ca2+ currents containing (in mM): 
130 NaCl, 5 EGTA, 25 TEACl, 1MgCl, 10 HEPES, TTX (0.5 µM); pH = 7.3; 
osmolarity of 300 mosm 
(6) Extra- and intracellular solution (S6) in inside-out experiments (in mM): 
140 NaCl, 10 HEPES, 1 EGTA; pH = 7.1 (adjusted with HCl); osmolarity = 300 
mOsm 
(7) Extra- and intracellular solution (S7) in inside-out experiments with 50 µM free 
Ca2+ (in mM): 
140 NaCl, 2 nitriloacetic acid (Na+-salt), 0.39 CaCl2, 10 HEPES; pH = 7.1 (adjusted 
with NaOH); osmolarity = 300 mosm 
(8) Extra- and intracellular solution (S8) in inside-out experiments with 50 µM free 
Ca2+ and reduce Na+- and Cl--concentrations (in mM): 
14 NaCl, 2 nitriloacetic acid (Na+-salt), 0.39 CaCl2, 10 HEPES; pH = 7.1 (adjusted 
with NaOH); osmolarity = 300 mosm 
(9) HEPES-buffered pipette solution (I1) containing (in mM):  
143 KCl, 10 HEPES, 2 KOH, 0.3 CaCl2, 1 EGTA (110 nM free Ca2+), 1 MgATP, 0.5 
NaGTP; pH = 7.1 (adjusted with KOH); osmolarity = 290 mosm 
(10) HEPES-buffered pipette solution (I2) for Ca2+-imaging containing (in mM): 
143 KCl, 10 HEPES, 2 MgATP, 1 NaGTP; pH = 7.1 (adjusted with KOH); osmolarity 
= 290 mosm 
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(11) Cs+-based pipette solution (I3) for isolating Ca2+ currents (in mM): 
123 CsCl, 10 HEPES, 20 TEACl, 1 MgATP, 0.5 NaGTP; pH = 7.1; osmolarity = 290 
mosm 
(12) PBS containing (in mM): 
150 Tris-HCl, 50 NaCl; pH = 7.4 (adjusted with NaOH); osmolarity = 300 mosm 
(13) Laemmli buffer containing (in mM):  
20% glycerol, 4% SDS, 125 Tris-HCl, and 0.02% bromphenol blue; pH = 6.8  
(14) TBST containing in (mM): 
150 Tris-HCl, 50 NaCl, 0.1% Tween20; pH = 7.4  
 
Free Ca2+ concentrations were calculated using WEBMAXC STANDARD (available 
at www.stanford.edu/~cpatton/maxc.html). 
 
2.9 Animals 
All experiments were carried out in the Department of Cellular Physiology at the 
Ruhr-University Bochum. 
All animal procedures were in compliance with local and European Union legislation 
on the protection of animals used for experimental purposes (Directive 86/609/EEC) 
and with recommendations put forward by the Federation of European Laboratory 
Animal Science Associations. Mice, either wild-type C57BL/6 mice, gene-targeted 
mice in which all mature VSNs can be visualized based on homozygous expression 
of green fluorescent protein (GFP) under the control of the regulatory sequences of 
the olfactory marker protein (omp) gene (OMP-GFP) (Potter et al., 2001), or mutant 
mice deficient for the genes encoding TRPM4 and TRPM5 channels (TRPM4--
/TRPM5--; generated and kindly provided by Profs. Marc Freichel and Veit Flockerzi, 
Saarland University, Homburg, Germany) were housed in groups of both sexes at 
room temperature on a 12 h light/dark cycle with food and water available ad libitum. 
If not stated otherwise, experiments used young adults of either sex. We did not 
observe any obvious differences between males and females in neither 
electrophysiological recordings nor molecular or immunochemical experiments. 
 
2.10 VNO preparation 
Mice were killed by CO2 asphyxiation and decapitation using sharp surgical scissors, 
following the ‘guidelines for euthanasia of rodents using CO2’ recently issued by the 
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National Institutes of Health Office of Laboratory Animal Welfare. The VNO was 
dissected in oxygenated, ice-cold S2 as described previously (Leinders-Zufall et al., 
2000; Spehr et al., 2006b). For preparations of acute slices, the intact VNO was 
embedded in 4% low-gelling-temperature agarose, and coronal slices (300 µm) were 
cut on a vibratome (VT1000S). Slices were transferred to a submerged (S2), chilled, 
and oxygenated storage chamber until use. 
For single neuron preparations, the VNO was minced and digested in 0.19 mg/ml 
papain and 1 U/ml DNase in S4 solution for 20 min at 37°C. The tissue was then 
transferred to S1 solution and gently triturated using fire-polished glass pipettes 
saturated with BSA. Non-dissociated cells were removed from the cell suspension 
using BD Falcon™ Cell Strainer nylon meshes (70 µm pore diameter). Dissociated 
VSNs were transferred to Concanavalin A coated glass bottom dishes. After 30 min 
(4°C), VSNs had attached to the bottom of the dishes. 
 
2.11 Expression profiling 
Oligonucleotide microarray analyses were performed for eight individual RNA 
samples (4 arrays from RNA of pheromone-stimulated mice (experimental group), 4 
arrays of RNA from stimulus-deprived animals (control group)), each containing 
pooled vomeronasal RNA of five male mice. Total RNA was isolated from VNO whole 
organ preparations using Trizol Reagent and RNeasy Mini Kit according to the 
manufacturer's instructions. The quality (2100 bioanalyzer, RNA 6000 Pico LabChip) 
and quantity (NanoDrop® ND-1000 UV-Vis Spectrophotometer) of this starting RNA 
were analyzed, and samples were only processed if the quality was satisfactory as 
indicated by the absence of degradation of ribosomal RNA (28S/18S rRNA ratios ~2). 
Synthesis of double-stranded cDNA, generation of biotinylated cRNA, hybridization to 
Mouse Genome430_2.0 arrays, washing (GeneChip Fluidics Station 400), staining 
and scanning of the arrays (GeneChip Scanner3000) were done as recommended in 
the Affymetrix Expression_s2_manual (www.affymetrix.com). RNA quality was 
additionally controlled by hybridization to Affymetrix Test 3 chips.  
Signal intensities, detection calls (present, absent, and marginal), and pairwise 
analyses of expression changes between experimental and control arrays were 
determined from processed array images using the GCOS1.4 software (Affymetrix), 
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exported as Microsoft Excel spreadsheets, and processed using the Significance 
Analysis of Microarrays (SAM) software tool (available at: http://www-
stat.stanford.edu/~tibs/SAM). GCOS1.4 software was used to calculate the average 
noise (2.55 ± 0.1), the average background signal level (54.62 ± 0.84), the average 
percentages of ‘present‘ and ‘absent‘ calls (‘present‘ = 54.96 ± 0.72%; ‘absent‘ = 
43.28 ± 0.75%), the average signal level for all probe sets (1364.98 ± 17), the 
average actin 3‘/5‘ signal ratio (1.41 ± 0.03), and the average GAPDH 3‘/5‘ signal 
ratio (0.98 ± 0.04). To monitor target labeling, poly-A controls (GeneChip® Poly-A 
RNA Control Kit) were spiked into RNA samples and called ‘present‘ on all arrays. 
The detailed quality report is at the end as attachment. One array from stimulus-
deprived controls did not meet general quality standards and was thus eliminated 
from further analysis resulting in a total seven replicates. A scaling across all probe 
sets of a given array to a target intensity of 1000 was included to compensate for 
variations in the amount and quality of the cRNA samples and other experimental 
variables. Transcripts were defined as differentially expressed between the 
stimulated mice and the odor deprived controls if signal intensities met the following 
criteria: 1) the gene had to be consistently detected in at least 100% of the samples 
of either group, 2) either pairwise statistical analyses of expression changes using a 
Mann-Whitney test for independent samples showed a p-value of p  < 0.05, or 
random overlap matrix analysis of multiple pairwise comparisons (exp/contr versus 
contr/contr; under both conditions each transcript is compared twelve times) showed 
regulated expression only in exp/contr comparisons. 
 
2.12 Immunocytochemistry 
The vomeronasal organ (VNO) was dissected as described. For preparation of 
cryosections, the VNO was fixed for 2 h in 4% paraformaldehyde in PBS at 4°C, 
decalcified overnight in 0.5 M EDTA and cryoprotected in PBS containing 30% 
sucrose. The dehydrated VNO was embedded in Tissue Freezing Medium and 
sectioned at 25 µm on a cryostat. 
For single neuron immunostainings, the VNO was prepared as described. After VSNs 
had attached to the bottom of the dishes, they were then fixed for 30 min in 4% 
paraformaldehyde in PBS (4°C). 
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Unless indicated otherwise, blocking and staining procedures were identical for both 
dissociated VSNs and VNO cryosections. Blocking was performed for 1 h 
(cryosections) or 30 min (dissociated VSNs), respectively, in PBS containing 2% goat 
serum, 1% gelatine and 0.2% Triton X-100 (blocking solution). Cells / sections were 
then incubated for 1 h (RT; dissociated VSNs) or overnight (4°C; cryosections) with 
affinity-purified primary antibody sera (1:500 (ERG1 / MiRP2 / V2R2 / 
PDE4A/TRPC2); 1:250 (ERG2 / ERG3); 1:100 (calmodulin)) in blocking solution, 
washed in PBS containing 0.05% Triton-X 100 (3 x 10 min, 1 x 30 min), and 
incubated for 1 h (sections) or 30 min (VSNs) with Alexa® Fluor secondary 
antibodies (1:500). Excess antibodies were removed by washing in PBS containing 
0.05% Triton-X 100 (3 x 10 min, 1 x 30 min). For multi-labeling of sections with 
primary antibodies from the same host species, we adopted a published protocol that 
uses Fab fragments for blocking and labeling (Leinders-Zufall et al., 2004). To control 
for nonspecific staining, experiments in which the primary antibodies were omitted 
were performed in parallel with each procedure. In addition, staining experiments with 
preincubation of antigens were performed. 
 
2.13 Confocal imaging 
A confocal microscope differs from a wide-field light microscope by the field of view of 
the objective lens and the region of illumination that have been restricted to a single 
point in the same focal (confocal) plane (Wilson and Sheppard, 1985). Thereby, it 
improves the problem of image degradation of thick objects by physically removing 
the out-of-focus light before the final image is formed (Petrán et al., 1968; Brakenhoff 
et al., 1979; Carlsson et al., 1985; White et al., 1987). The crucial element of confocal 
optics is the projection of an image of a focally illuminated point in the specimen onto 
a small aperture in a conjugate focal plane (Fig. 2.1). The background is eliminated 
simply by adding the pinhole aperture to a wide-filed microscope. As illustrated, a 
pinhole aperture at the correct height will pass the converged rays from the in-focus 
point, but block nearly all of the dispersed rays from points higher or lower than the 
focal plane. A side effect of the pinhole aperture is that most of the in-focus points 
also become invisible; only the rays from the central spot are allowed to pass through 
the aperture. To gain the advantages conferred by the confocal pinhole, one must 
give up the convenience of acquiring an image from an extended area in parallel. 
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Thus, only by scanning the specimen sequentially a 2D or 3D confocal image can be 
generated (Fine et al., 1988; Pawley, 2000). A photomultiplier is used to detect the 
interaction with each point in the specimen of the illuminating probe during scanning. 
 
 
 
 
 
 
Figure 2.1: A confocal microscope. The imaging aperture 
allows the focused light rays from only the on-axis, in-focus 
point of the specimen to the photomultiplier. Emissions from 
below and above the plane of focus are attenuated by the 
imaging aperture. The illuminating aperture restricts 
illumination so that it is focused on the point seen by the upper 
pinhole aperture. (From Shotton and White, 1989). 
 
Fluorescent images were taken using an upright scanning confocal microscope 
(LSM510-Meta) equipped with a 10x (water immersion, n.a. 0.30) and 40x (water 
immersion, n.a. 0.80) objective. To eliminate cross-talk between labels, the 
multitracking configuration was applied. Endogenously expressed GFP as well as 
Alexa® Fluor488 was excited using the 488 nm line of an argon laser and emitted 
fluorescence was captured using a bandpass filter (500–550IR nm). Alexa® Fluor532 
and Fluor633 were excited using the 543 nm and 633 nm line of a helium/neon laser, 
respectively, and fluorescence was captured using a long-pass filter (560 nm; Alexa® 
Fluor532) or a bandpass filter (650-710 nm; Alexa® Fluor633). In some experiments, 
cell nuclei were stained by brief incubation with 4',6-diamidino-2-phenylindole (DAPI). 
In such cases, a Ti:sapphire laser (Mai Tai®), running at 800 nm was used as a light 
source. Digital images were uniformly adjusted for brightness and contrast using 
Adobe Photoshop CS3. 
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2.14 Immunoblotting 
VNOs as well as control cells and tissues were homogenized in ice-cold S1 lysis 
buffer in presence of Complete Mini protease inhibitor cocktail tablets using a Dounce 
homogenizer. All membrane preparation procedures were performed at 4°C. The 
homogenate was briefly sonicated and centrifuged for 10 min (1,000 x g). The 
supernatant was collected and ultra-centrifuged (2 h, 49,000 x g). The pellet was 
resuspended in lysis buffer and protein concentration was determined using a 
Bradford protein assay kit standardized on bovine serum albumin. Protein samples 
were solubilized in Laemmli buffer and DTT (5 %) and equal amounts of protein (35 
µg) were fractionated by size using 8 - 15% (w/v) denaturing SDS-polyacrylamide gel 
electrophoresis. Separated proteins were transferred to Immobilon Transfer 
Membranes or nitrocellulose membrane using a BioRad Criterion Blotter wet-blotting 
system. Membranes were washed, stained with Ponceau S to control for protein 
transfer and again washed with TBST. Blocking was performed in 5% non-fat dry 
milk/TBST for 1 h. Blots were then incubated overnight at 4°C in 3% non-fat dry 
milk/TBST with affinity-purified polyclonal rabbit antibodies raised against residues 
430-445 of human KCNH2 (anti-mERG1; 1:250) and residues 81-93 of human 
KCNE3 (anti-MiRP2; 1:750). Membranes were then washed (4 x 15 min) in TBST 
and incubated at room temperature with horseradish peroxidase-conjugated goat 
anti-rabbit IgG (1 h; 1:10.000) in 3% non-fat dry milk/TBST. Blots were again washed 
in TBST (4 x 15 min) and antibody binding was detected using ECL Plus Western 
Blotting Reagent. To control for equal protein loading per lane, membranes were 
stripped using Restore Western Blot Stripping Buffer, washed with TBST, blocked for 
1 h in 5% non-fat dry milk/TBST and reprobed for 1 h in 3% non-fat dry milk/TBST for 
expression of glyceraldehyde 3 phosphate dehydrogenase (GAPDH) and β-tubulin, 
respectively, using a mouse monoclonal anti-GAPDH antibody (1:30.000) and a 
rabbit polyclonal anti-β-tubulin antibody (1:2.500). Blots were washed in TBST (4 x 
15 min) and incubated with horseradish peroxidase-conjugated goat anti-rabbit IgG 
or anti-mouse IgG (1 h; 1:10.000), respectively. After washing in TBST (4 x 15 min), 
antibody binding was detected as described. After background correction, 
semiquantitative densitometry measurements of scanned immunoblot band 
intensities within standard size rectangular regions of interest were performed using 
MetaMorph® 7.1 imaging software. Calibrated pixel intensities were transformed into 
an optical density (OD) values according to OD = Log10 [255 / (255 – gray value)]. 
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The OD values of ERG1 and MiRP2 bands were normalized to their associated 
GAPDH and / or β-tubulin controls to compensate for variations in loading and 
transference. 
 
2.15 Electrophysiology 
The patch-clamp technique enables the experimenter to study the function and 
activity of ion channels in cell membranes. This technique was developed by Bert 
Sakman and Erwin Neher between 1973 and 1976 (Neher and Sakman, 1976; Hamill 
et al., 1981). Via a pulled, fire-polished glass capillary with a small tip diameter (1-2 
µm) electrical contact with the cell membrane is established and, thereby, recording 
of currents through membrane ion channel proteins and even single channel 
recordings are possible. The patch pipette is filled with electrolyte solution and 
positioned towards the cell membrane. During this process a small overpressure is 
given to the fluid in the patch pipette to avoid clogging. In close proximity to the cell 
surface this overpressure also leads to an inversion of the membrane and terminating 
the overpressure results in a movement of the membrane to the patch pipette. 
Sometimes this process already establishes a tight (high resistance) seal (1-20 GΩ), 
otherwise via low-pressure the membrane can be tighten to the patch pipette. This 
configuration is called the 'cell-attached'-mode (Fig. 2.2). If the patch of membrane 
under the pipette tip is ruptured by pressure, then the pipette solution and the 
electrode make direct electrical contact with the cytoplasm ('whole-cell-patch-clamp'; 
Fig. 2.2). Other configurations are the 'outside-out'- and 'inside-out'-modes (Fig. 2.2). 
The outside-out patch is obtained by simply pulling away the patch pipette from a 
whole-cell configuration. The membrane will eventually break and, owing to the 
properties of the phospholipids, fold back on itself into a patch covering the pipette. 
The inside-out patch is obtained from a cell-attached patch configuration, where 
again the pipette is pulled away. The result is now a vesicle attached to the pipette 
tip. The vesicle can be destroyed by exposure to air. This leaves a patch with the 
cytosolic side facing the bath. 
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Figure 2.2: Schematic drawing of different 
configurations of the patch-clamp technique. Tip 
of the patch-pipette and part of the cell 
membrane are shown. 
 
The apparatus that contains the measuring and clamping circuitry and controls 
(patch-clamp amplifier) is the central component of the set-up. Generally, the patch-
clamp amplifier is composed of two components: a small extension or head-stage 
(probe) that measures the current signal and records the potential, and the main 
device that includes the central processing unit.  
For electrophysiological recordings, VNO slices were transferred to a recording 
chamber and visualized using a Leica DM LFSA fixed stage upright video-
microscope equipped with apochromatic UVI water immersion objectives and 
infrared-optimized differential interference contrast (DIC) optics. Slices were 
anchored via stainless steel wires with 0.1 mm thick lycra threads at 1.5 mm spacing 
and continuously superfused with oxygenated solution S2 (~3 ml/min; gravity flow) at 
room temperature. Patch pipettes (5 - 7 MΩ) were pulled from borosilicate glass 
capillaries with filament and firepolished ends (1.50 mm OD / 0.86 mm ID) on a PC-
10 vertical two-step micropipette puller and fire-polished using a MF-830 microforge. 
Pipettes were advanced toward individual neurons under optical control applying 
positive backpressure. After a gigaohm seal was obtained, gentle negative pressure 
was applied to establish the whole-cell configuration. An EPC-10 amplifier controlled 
by Patchmaster 2.20 software was used for data acquisition. Both pipette (Cfast) and 
cell membrane capacitance (Cslow) as well as series resistance (Rs; up to 85% 
correction, 10 μs lag) was monitored and automatically compensated throughout the 
experiment. Measured Cslow values served as an approximation of the cell surface 
area for normalization of current amplitudes (i.e. current density). Only neurons 
exhibiting stable access resistances (change <10%) were used for analysis. 
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Theoretical liquid junction potentials were calculated using JPCalcW software and 
automatically corrected online.  
In voltage-clamp experiments, leak currents were subtracted using a P/-4 procedure. 
Signals were low-pass filtered (analog 3- and 4-pole Bessel filters in series) with an 
effective corner frequency (-3 dB) automatically adjusted to 1/5 - 1/3 of the sampling 
rate (5 – 20 kHz, depending on protocol). Since ERG channel gating characteristics 
result in effective inward rectification and ERG conductance is directly related to the 
external K+ concentration [K+]o, K+ currents (IK(ERG)) were identified and studied with a 
standard high [K+]o extracellular solution (S3; calculated Nernst equilibrium potential 
for K+: -32.5 mV; Sacco et al., 2003; Furlan et al., 2005; 2007; Hirdes et al., 2005), 
balanced [Ca2+]i / [Ca2+]o, and blocked voltage-gated Na+ channels (TTX; 0.5 µM). 
This treatment, however, demanded that VSNs were analyzed on a one neuron per 
slice basis. Switching from oxygenated solution (S2) to ERG extra (S3) after break-in 
as well as application of drug-containing solutions was achieved by a custom-made, 
pressure-driven focal application device consisting of a software-controlled valve 
bank connected to a ‘perfusion pencil’. Between recordings, cells were kept at a 
holding potential (VH) of -80 mV. Individual voltage step protocols are described in 
the results section. To analyze I1 during action potential discharge, pre-recorded 
action potentials elicited by positive current injections were used as the command 
waveform (action potential clamp).  
The rundown factor was corrected using Patchmaster software. The amplitude of e.g. 
sweep 20 is corrected with 0.98 that results in the amplitude of sweep 21. Subtracting 
different sweeps corrected with the rundown factor (multiplied by the number of 
sweeps between subtracted sweeps), the result should be a flat line without any 
current.  
In current-clamp experiments, slices were perfused with extracellular solution S1. The 
resting membrane potential was measured directly after obtaining access to the cell 
interior using the software-controlled “gentle switch” of the EPC-10 patch clamp 
amplifier (-74.6 ± 7.2 mV; range: -52 to -84 mV; n = 15). The membrane potential 
was then set to -80 mV by injecting a constant holding current (≤ ±5 pA). Action 
potential (AP) discharge patterns were investigated by delivering depolarizing current 
injections of variable duration and intensity. 
Focal stimulus and ophiobolin A application was achieved by a custom-made, 
pressure-driven application device. CALP2 was included in the intracellular solution 
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and applied via the patch pipette. In current-clamp experiments, after break-in, the 
membrane potential was set to -75 mV by injecting a constant holding current (~-3 
pA). Action potential discharge in response to either diluted urine (1:100) or 
depolarizing current injections (2 pA) was monitored at a sampling rate of 10 kHz. 
Stimuli were applied twice for 20 s with an interstimulus-interval of 30 s. Signals were 
low-pass filtered (analog 3- and 4-pole Bessel filters in series) with an effective 
corner frequency (3dB) of 2.9 kHz. 
Inside-out patch-clamp recordings and field potential recordings were performed in 
collaboration with Profs. F. Zufall and T. Leinders-Zufall (Saarland University, 
Homburg, Germany). Freshly dissociated VSNs were prepared as described 
previously (Lucas et al., 2003). Inside-out patch-clamp recordings closely followed 
previously described procedures (Lucas et al., 2003). Isolated membrane patches 
excised from the dendritic tip of a VSN were transferred to a separate chamber 
(Warner Instruments) that permitted exchange of the solution surrounding the 
membrane patch without contamination of the cell population. An EPC-9 patch-clamp 
amplifier (Heka Electronics) was used for all recordings, command potential 
sequences, data acquisition and online analyses. Inside-out experiments usually 
were performed at a membrane potential of -20mV and voltage ramps (duration 100 
ms, slope -1.6 mV/ms) were applied every 5 s. If not otherwise stated, leak 
conductance was measured immediately before application of 1-stearoyl-2-
arachidonoyl-sn-glycerol (SAG) and subtracted digitally from original current–voltage 
(I–V) curves during off-line analysis. For solution exchange, patches were positioned 
in front of two glass pipettes, each connected to a reservoir. Solution exchange was 
achieved by moving the electrode from one stream to another (flow rate, ~400 
µl/min). At the beginning of an experiment, patches were exposed for at least 3 min 
to Ca2+-buffered standard intracellular solution before CaM was applied. During this 
time baseline conditions were recorded, each patch was tested briefly for the 
presence of Ca2+-activated channels, and the TRPC2-dependent channels were 
activated. 
Stimulus-evoked local field potentials were recorded from the luminal surface of intact 
VNO sensory epithelia as described and chemical stimuli were focally ejected onto 
VSN microvilli using multibarrelled stimulation pipettes (Leinders-Zufall et al., 2000, 
2004; Leypold et al., 2002; Del Punta et al., 2002). 
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2.16 Data analysis 
Electrophysiological data were analyzed offline using FitMaster 2.20, IGOR Pro 
6.03A, Excel, and SigmaStat 3.11software. Activation curves were fitted by the 
Boltzmann equation I / Imax = Imax / {1 + exp [(V1/2 - V) / k]}, where V1/2 is the voltage 
that produces half-maximal activation and k is the slope factor. Decay time constants 
(τ) for current deactivation were calculated by fitting individual traces to 
monoexponential functions I(t) = I1 [exp (- t / τ)] + I0 , where I(t) is the current at time t, I1 
is the initial amplitude, τ is the decay time constant, and I0 is the residual current. 
Event detection and spike analysis was performed using the Neuromatic 1.86 
software package implemented in IGOR Pro 6.03A and MiniAnalysis software. 
Statistical analysis of unpaired two-sample distributions was performed as dictated by 
data distribution. Results of individual Serial Randomness Tests for normally 
distributed random samples and subsequent F Tests for equal variances determined 
the use of either t-tests or Wilcoxon Rank tests. Multiple groups were compared 
using a oneway or two-way ANOVA. The Fisher’s least significant difference (LSD) 
test was used as a post hoc comparison of the ANOVA. A p-value < 0.05 was 
considered significant. If not stated otherwise, results are presented as means ± 
SEM. 
 
2.17  RNA extraction and reverse transcription-PCR 
C57BL/6 mice were sacrificed as described. Brain, heart and VNO tissue samples 
were removed and immediately frozen in liquid nitrogen. RNA were extracted and 
purified from tissues as well as cultured LNCAP-cells using RNeasy Mini Kit and 
DNase digestion. RNA from each sample was quantified using the NanoDrop® ND-
1000 UV-Vis spectrophotometer. 5 µg of total RNA served as template for oligo-dT- 
and random hexamer-primed first-strand cDNA synthesis using M-MLV reverse 
transcriptase. PCR was performed in a Mastercycler ep gradient S using Taq DNA 
polymerase, 1.5 mM MgCl2, 0.2 mM of each dNTP and 100 pM forward / reverse 
target-specific oligonucleotide primers. Cycling parameters consisted of an initial 
denaturation step at 94°C for 5 min; followed by 35 cycles (30 s each) of 94°C (step 
1), primer pair specific annealing temperature (step 2), and 72°C (step 3); completed 
by a final extension at 72°C for 5 min. The primer sequences and annealing 
temperatures listed in above were used to amplify target cDNA. Primers were 
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designed using Clone Manager software. The annealing temperature for each primer 
pair was calculated from their individual G/C and A/T content. PCR products were 
separated by electrophoresis in 1.5% agarose gels containing ethidium bromide (0.5 
µg/ml) followed by a second amplification to check for weak or false amplification. For 
this nested PCR, 0.5 µl of the purified initial product served as template and the 
primer sequences and annealing temperatures are listed above. Identity of PCR 
products was confirmed by sequencing using the 3130xl Genetic Analyzer and 
BigDye Terminator v3.1 Cycle Sequencing Kit. 
 
2.18  3-D Reconstruction 
In voltage- and current-clamp recordings examining ERG channel properties, Alexa® 
Fluor488 hydrazide (20 µM) was routinely added to the pipette solution for online in-
situ visualization of VSN morphology, post-hoc immunocytochemical analysis, and 
three-dimensional reconstruction. Following break-in, cells were loaded via diffusion. 
Whole-cell configuration was maintained for at least 20 min to allow for adequate dye 
filling. After recording, slices were immersion-fixed for 30 min at 4°C in PBS 
containing 4% paraformaldehyde and processed for immunocytochemistry as 
described above. The morphology of dye-filled cells was studied using an upright 
scanning confocal microscope (LSM510-Meta) equipped with a 10x and 40 x water 
immersion objectives. For 3-D reconstruction of fluorescently labeled VSNs, axial 
projections of optical section stacks (0.7 – 1.1 µm z-step intervals) were generated as 
transparencies using a 3-D projection algorithm implemented in confocal imaging 
software. 
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3. Results 
 
3.1 Homeostatic control of sensory output in basal vomeronasal neurons: 
activity-dependent expression of ether-à-go-go related gene potassium 
channels 
3.1.1 Activity-dependent expression of voltage-gated K+ channel genes in the VNO 
In many neurons, the balance of intrinsic ionic conductances is constantly adjusted 
as a function of ongoing activity. One mechanism to set a target output range is 
regulated expression of specific K+ channels (Zhang and Linden, 2003). To 
determine whether transcription of K+ channel genes is activity regulated in the 
mouse VNO, we surveyed expression profiles of adult male C57BL/6 mice that had 
been singly housed either in an essentially odor-free environment (deprived group) or 
exposed to rich sources of pheromonal cues (stimulated group). 
 
 
Figure 3.1: Schematic diagram illustrating the experimental strategy used for pheromone exposure 
(left) and stimulus deprivation (right) of singly housed C57BL/6 mice. 
 
Stimulation cycles (7 d) were composed of 6 h exposure to fresh male urine (2:00–
8:00 P.M.), 12 h exposure to female-soiled bedding (8:00 P.M. to 8:00 A.M.), and an 
additional 6 h without stimulation (8:00 A.M. to 2:00 P.M.) to allow for relief from 
potential sensory adaptation (Fig. 3.1).  
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Table 3.1: Differentially expressed K+ channel genes in the VNO. Analysis (see Materials and 
Methods) of seven microarrays (4 stimulated/3 deprived) reveals both consistent expression (7 of 7 
arrays) and significant (p ≤ 0.029) regulation of the following genes: Kcnh2 (ERG1; up), Kcna5 (up), 
Kcne3 (MiRP2; down), Kcna2 (down), and Kcnj16 (down). For each gene, RefSeq accession 
numbers, and average fold changes (mean ± SEM) are specified. 
 
Vomeronasal K+ channel transcription levels were compared between stimulated and 
deprived tissue using a total of seven Affymetrix microarrays (four experiment and 
three control replicates), each chip probing pooled mRNA from five animals. Applying 
conservative quality control and evaluation criteria (see Materials and Methods), five 
K+ channel genes were found both consistently detected and differentially expressed 
(Table 3.1). The most pronounced changes were observed for ERG1 (upregulation) 
and the modulatory single transmembrane domain β-subunit MiRP2 
(downregulation), which was reported to inhibit ERG1 currents when coexpressed in 
Xenopus oocytes (Schroeder et al., 2000).  
 
 
 
 
 
Figure 3.2: Vomeronasal transcripts of both ERG1 isoforms 
(ERG1a and ERG1b), ERG3, and MiRP2 are detected by RT-
PCR and sequencing. Specificity is confirmed by positive 
(cerebellum; heart (ERG1a, ERG1b, MiRP2)) and negative 
(heart (ERG3); LNCaP cells) controls. No PCR product is 
amplified when reverse transcription is omitted (control). 
 
We next determined vomeronasal expression of 
ERG1–3 and MiRP2 by RT-PCR. Using specific 
primers for both ERG1 isoforms (ERG1a and 
ERG1b), ERG2, ERG3, and MiRP2, we detected 
transcripts of all genes. Transcript identity was 
confirmed by nested PCR (Fig. 3.2) and sequencing. Bands of the appropriate size 
were also obtained from cerebellum (Papa et al., 2003; Guasti et al., 2005) and heart 
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(ERG1a, ERG1b, and MiRP2) (Shi et al., 1997), but not from cultured prostate cancer 
cells (LNCaP). 
 
 
Figure 3.3: a, ERG1-antibody specificity confirmed by immunoblotting. In VNO protein extracts, two 
bands at ~165 kDa (ERG1a) and ~100 kDa (ERG1b) represent N-glycosylated channel isoforms (left 
lane). Control blots from eye tissue or LNCaP cell protein extracts are not labeled. b, MiRP2 
immunolabeling. Anti-MiRP2 western blots of vomeronasal and whole brain (positive control) protein 
extracts display a single band at the expected size of ~20 kDa. No immunopositive band is observed 
in eye protein extracts (negative control). c, Anti-ERG3 immunoblots of both cerebellum (positive 
control) and VNO protein extracts show a single band of ~105 kDa. d, Anti-ERG2 immunoblot of 
cerebellum protein extract (positive control) reveals multiple bands in the expected range of 100 - 110 
kDa. In VNO protein extract, however, no specific signal is detected. 
 
Next, we aimed to examine activity-dependent changes in ERG1a, ERG1b, and 
MiRP2 expression on the protein level. In ERG1 immunoblot analyses, the antibody 
detects two bands at ~165 and ~100 kDa in VNO protein extracts (Fig. 3.3a), 
corresponding to N-glycosylated ERG1a and ERG1b (Pond et al., 2000; Hirdes et al., 
2005). Equivalent bands were not detected in eye or protein extracts of a cell line that 
was established from a metastatic lesion of human prostatic adenocarcinoma 
(LNCaP). Probing blots of VNO and brain protein with an anti-MiRP2 antibody 
revealed bands of the expected size (~20 kDa) (McCrossan et al., 2003) in both 
tissues (Fig. 3.3b). An anti-ERG3 antibody detected a single band of ~105 kDa in 
blots of both cerebellum and VNO (Fig. 3.3c). An anti-ERG2 antibody, however, 
stained multiple bands in the expected 100 –110 kDa range in the cerebellum but not 
the VNO (Fig. 3.3d), suggesting no or only marginal translation of ERG2 transcripts in 
vomeronasal tissue.  
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Figure 3.4: a, b, Representative immunoblotting experiments illustrating the regulation of ERG1 and 
MiRP2 protein expression. Individual blot panels (a or b) correspond to the same SDS-polyacrylamide 
gel, respectively. a, Western blot analysis demonstrating increased levels of vomeronasal ERG1a/1b 
expression in stimulated mice versus deprived mice. Blots (n = 4) were additionally probed for β-
tubulin and GAPDH as loading controls. b, Western blots (n = 3) probed with MiRP2 antibody reveal 
downregulated protein expression in stimulated animals. c, Semiquantitative densitometry 
measurements of scanned immunoblot band intensities. Optical density values of ERG1a/1b and 
MiRP2 immunopositive bands from stimulated animals are normalized to corresponding deprived 
controls (asterisks denote statistical significance, p < 0.05).  
 
Using the exact same stimulation/deprivation protocol as described above (Fig. 3.1), 
pooled VNO protein from stimulated (n = 10) and deprived (n = 12) mice, 
respectively, was subjected to immunoblot analysis (Fig. 3.4). β-Tubulin and GAPDH 
were found at constant levels in microarray experiments and, thus, served as loading 
controls. All antibodies detected distinct bands of the expected molecular size. 
Comparing stimulated and deprived mice, however, revealed substantial differences 
in band intensity for ERG1a, ERG1b (n = 4), and MiRP2 (n = 3). For stimulus-
exposed animals, prominent bands were detected for ERG1a and ERG1b (Fig. 3.4a), 
whereas labeling intensity was much weaker in samples from deprived mice. An 
opposite regulation was observed for MiRP2 (Fig. 3.4b). These results were 
confirmed by semiquantitative densitometry measurements of scanned immunoblot 
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band intensities (Fig. 3.4c). Thus, the activity-dependent regulation of ERG and 
MiRP2 K+ channel transcripts we identified by microarray profiling is effectively 
translated into upregulated (ERG1 isoforms) and downregulated (MiRP2) protein 
levels in the adult mouse VNO. 
 
3.1.2 Coexpression of ERG1, ERG3 and MiRP2 in basal VSNs 
To analyze the spatial distribution of vomeronasal ERG and MiRP2 channel subunits, 
we performed immunocytochemistry in coronal VNO sections from both C57BL/6 and 
transgenic OMP-GFP mice. In the gene-targeted animals, all VSNs express GFP 
under the control of the omp promoter (Potter et al., 2001).  
 
 
Figure 3.5: Representative low-magnification confocal photomicrographs of a coronal VNO section 
(25 µm; wildtype C57BL/6 mouse). Section is stained with anti-PDE4A (green) as a marker for apical 
VSNs (Lau and Cherry, 2000) and anti-V2R2 (red) as a marker for basal sensory neurons (Martini et 
al., 2001), respectively. The overlay of both images shows distinct non-overlapping labeling of apical 
and basal VSN somata, whereas in the microvillous layer overlapping signals from both color channels 
(yellow) are observed as a result from decreased spatial resolution at low magnification. AP, apical 
layer; BL, basal layer; BV, blood vessel; L, lumen; ML, microvillous layer. 
 
Double-labeling experiments using antibodies against ERG1–3 or MiRP2 together 
with layer-specific markers of apical neurons (phosphodiesterase 4a (PDE4a) (Lau 
and Cherry, 2000)) or basal VSNs (V2R2 (Martini et al., 2001)) (Fig. 3.5) revealed 
coexpression of ERG1, ERG3, and MiRP2 in basal neurons (Fig. 3.6 and 3.7). To 
control for nonspecific staining, we performed immunocytochemical experiments in 
which primary antibodies were preadsorbed with their corresponding antigenic 
peptides (Fig. 3.8). In addition, we routinely performed parallel experiments in which 
primary antibodies were omitted (Fig. 3.8).  
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Figure 3.6: a, Confocal images of immunostainings of the VNO sensory epithelium in a coronal 
section (25 µm) from an OMP-GFP mouse. (GFP fluorescence; gray scale; 1) show costaining of 
ERG1 (red; 2) and V2R2 (green; 3). High-magnification images (right) reveal overlapping staining in 
the VSN somata and dendritic tips. b, Confocal high-magnification photomicrographs of coronal VNO 
cryosections from C57BL/6 animals reveal essentially nonoverlapping expression patterns of ERG1 
(red) and PDE4a (green) in the sensory epithelium. For clarity, individual nuclei are counterstained 
with DAPI (blue). AL, apical layer; BV, blood vessel; BL, basal layer; L, lumen; ML, microvillous layer. 
 
In sections from OMP-GFP mice, merged images of anti-ERG1 and anti-V2R2 
labeling show overlapping staining in both the somata and dendritic tips of basal 
VSNs (Fig. 3.6a). In contrast, a spatially restricted pattern was observed by anti-
ERG1/anti-PDE4a double labeling (Fig. 3.6b). PDE4a staining was confined to apical 
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cells, whereas essentially nonoverlapping ERG1 labeling was detected in basal 
neurons. The same results were obtained using another ERG1 antibody (Santa Cruz 
Biotechnology; data not shown). 
 
 
Figure 3.7: a, Confocal photomicrographs of VNO sections from C57BL/6 mice. Double 
immunolabeling shows overlapping expression patterns of ERG1 (red) and MiRP2 (green) in basal 
VSNs. MiRP2 staining is largely confined to VSN somata (high-magnification; right). b, Confocal 
images of ERG2 immunostainings in VNO sections from OMP-GFP mice (GFP fluorescence, gray 
scale, 1; anti-ERG2 signal is shown in red, 2). Merged photomicrographs reveal essentially no ERG2-
positive VSNs. c, High-magnification confocal images of the VNO sensory epithelium from an OMP-
GFP mouse. GFP fluorescence in mature VSNs is depicted in gray scale (1), ERG1-immunopositive 
cells are shown in green (2), and ERG3-positive VSNs are shown in red (3). Merged images clearly 
reveal coexpression of ERG1 and ERG3 in basal VSN somata. In contrast to ERG1 immunoreactivity, 
ERG3 staining is not observed in the microvillous layer. BV, Blood vessel; L, lumen; ML, microvillous 
layer; SCL, sustentacular cell layer; SE, sensory epithelium. 
 
Costainings of ERG1 and MiRP2 as well as ERG1 and ERG3 (Fig. 3.7a, c) indicate 
coexpression of all three subunits. Immunostainings against ERG2, however, showed 
no VSN-specific labeling (Fig. 3.7b). 
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Figure 3.8: a-c, Antibody specificity is confirmed by immunolabeling in sagittal sections of the mouse 
cerebellum. Analog to previously published results from in situ hybridization studies (Papa et al., 2003; 
Guasti et al., 2005), Purkinje neuron somata are immunopositive for anti-ERG1 (a), anti-ERG2 (c), and 
anti-ERG3 (b). For all antibodies, some staining is also observed in the molecular layer of the 
cerebellum, whereas no (ERG1/3) or weaker (ERG2) signals are detected in the granule cell layer. As 
shown in high-magnification confocal sections, positive staining for ERG1 (and, to a certain extent, for 
ERG2) in the molecular layer results from labeling of Purkinje cell dendrites. For ERG3, molecular 
layer staining is more diffuse and thus likely caused by ERG3 expression in GABAergic stellate and/or 
basket cells. d, Representative confocal image of a routine parallel control experiment in which the 
primary antibody (in this case anti-ERG1) was omitted. GL, granule cell layer; ML, molecular layer; PL, 
Purkinje neuron layer.  
 
As positive controls, we immunostained sagittal sections of the cerebellum in which 
expression of all ERG subunits had previously been reported (Papa et al., 2003; 
Guasti et al., 2005). Immunoreactivity 
for ERG1, ERG2, and ERG3 was 
detected in Purkinje neurons (Fig. 
3.8).  
 
Figure 3.9: Representative high-
magnification confocal images of VNO 
cryosections from deprived (upper panel) and 
stimulated (lower panel) mice using identical 
illumination and scanning parameters. ERG1 
immunostainings were performed in parallel 
under the exact same conditions. DAPI 
counterstaining of nuclei illustrates the total 
number of cells. Both fluorescence intensity 
and the amount of ERG1 immunopositive 
neurons appear increased in stimulated 
animals. SCL, sustentacular cell layer. 
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Consistent with semiquantitative immunoblotting results (Fig. 3.4), when parallel 
ERG1 immunostainings were performed on VNO cryosections from stimulated (n = 3) 
and deprived (n = 3) mice under the exact same conditions, an increase in both 
fluorescence intensity and the amount of labeled neurons became apparent (Fig. 
3.9).  
 
 
Figure 3.10: a, b, Confocal photomicrographs of dissociated VSNs from OMP-GFP mice stained by 
either ERG1 (a) or MiRP2 (b) antibodies. Merged images reveal essentially uniform ERG1 expression 
in all cellular compartments, whereas MiRP2 staining is most prominent in the soma and dendrite, but 
absent in the knob and microvilli. a, axon; d, dendrite; k, knob; s, soma. 
 
The subcellular distribution of ERG1 and MiRP2 was assessed in dissociated VSNs 
from OMP-GFP mice (Fig. 3.10). In immunopositive neurons (n = 5), ERG1 reactivity 
was evident in the entire cell body. In contrast, MiRP2 staining was most prominent in 
the soma and dendrite (n = 4) but absent in the knob and microvilli. This pattern 
confirmed results obtained in whole-organ sections (Fig. 3.6 and 3.7). Together, 
these data show that both ERG1 isoforms (1a and 1b) as well as ERG3 and MiRP2 
are coexpressed in basal neurons of the mouse VNO. 
 
3.1.3 Biophysical ‘fingerprint’ of vomeronasal ERG channels: current activation 
We next asked whether ERG channel expression induces substantial voltage-
dependent K+ currents (IK(ERG)). Therefore, we obtained whole-cell recordings from 
optically identified sensory neurons in acute coronal VNO slices (Kelliher et al., 
2006).  
To ensure full, rapid isolation of mERG channel mediated potassium currents in 
voltage-clamp recordings, saturating concentrations of the methanesulfonanilide drug 
E-4031 (10 µM) or the recombinant peptide rErgtoxin-1 (100 nM) were applied in S3 
solution. Subunit-specific mERG1 currents were isolated using the recombinant 
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peptide rBeKm-1 at a concentration (100 nM) that completely blocks mERG1 without 
affecting mERG3 (Restano-Cassulini et al., 2006). 
 
 
 
 
Figure 3.11: After whole-cell configuration was established, physiological bath solution was replaced 
by local perfusion with ERG recording solution – an elevated potassium ([K+o] = 40 mM) extracellular 
solution containing TTX (0.5 µM) to block voltage-activated Na+ channels and EGTA-buffered Ca2+ 
(110 nM; equimolar to free Ca2+ in the pipette solution) to suppress Ca2+ and Ca2+-activated currents 
(Sacco et al., 2003; Furlan et al., 2007; Hirdes et al., 2005). Using a repeated series of step 
depolarizations (inset: pulse protocol), solution exchange is confirmed by complete block of voltage-
gated Na+ inward currents. In addition, the increase in [K+o] results in pronounced, slowly deactivating 
tail currents (arrow head) likely mediated by ERG channels activated by strong depolarization. 
 
After break-in, regular physiological saline was replaced by S3. Exchange was 
monitored by the gradual block of voltage-gated Na+ inward currents in response to 
step depolarizations (Fig. 3.11; note the increase in tail current amplitude 
(arrowhead)). In all recordings, step protocols were applied before and after 
incubation with highly specific ERG inhibitors: either the methanesulfonanilide E-4031 
(10 µM) (Spector et al., 1996) or the scorpion toxin ErgTx-1 (100 nM) (Gurrola et al., 
1999). Digital subtraction of currents recorded in the presence of either drug from 
control recordings revealed the ERG-mediated component. 
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Figure 3.12: a, b, Representative whole-cell patch-clamp recording traces. Tail currents were elicited 
in the absence (control) and presence of E-4031 (10 µM) by hyperpolarization to -120 mV (inset, pulse 
protocol). a, ERG-mediated currents (n = 16) are computed as drug-sensitive components after digital 
off-line subtraction (control-E-4031). Eleven neurons showed no drug-sensitive currents (b). c, d, 
Quasi steady-state activation curves of both E-4031-sensitive (filled circles; n = 16) and ErgTx-1-
sensitive (100 nM; filled triangles; n = 14) currents. Curves illustrate average current densities (c) or 
normalized current amplitudes (d; I/Imax) versus prepulse potential. Data points are fitted by the 
Boltzmann equation (see Materials and Methods). With one exception (c; -40 mV), no significant 
differences in current isolation were observed between inhibitors. 
 
To investigate the voltage dependence of quasi steady-state activation, a 750 ms 
prepulse to variable potentials (-70 to 60 mV) was followed by a step to -120 mV (100 
ms). After hyperpolarization, rapid recovery from inactivation and slower deactivation 
induced an E-4031-sensitive tail current in 16 of 27 VSNs (59 %) (Fig. 3.12). During 
depolarization, we observed a substantial E-4031-sensitive steady-state outward 
current, likely attributable to activation of ERG3. This subunit shows fast activation 
kinetics and slow steady-state inactivation (Shi et al., 1997; McKay and Huizinga, 
2006), resulting in weak inward rectification (Wimmers et al., 2002). Eleven of 27 
neurons showed no drug-sensitive current (Fig. 3.12b).  
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Figure 3.13: For comparative analysis of whole-cell currents before and after pharmacological 
manipulation, stable recording conditions and minimal current rundown (potentially resulting from 
whole-cell dialysis) are critical. Therefore, control experiments without pharmacological treatment were 
performed for up to 10 min each. At 5 s intervals, hyperpolarization-induced tail currents were 
monitored (inset: pulse protocol (step 1: 40 mV / 500 ms; step 2: -120 mV / 100 ms)). Current 
amplitudes (black filled circles) as well as individual time constants of fast deactivation (red filled 
triangles; τfast calculated from bi-exponential fits) are stable over prolonged time courses. 
 
To ensure that diminished tail currents did not result from current rundown, we 
performed controls in the absence of inhibitors (Fig. 3.13). Up to 10 min, essentially 
no rundown was observed.  
When peak tail current density is plotted as a function of prepulse depolarization (Fig. 
3.12c), a similar voltage dependence is seen for E-4031-sensitive VSNs (n = 16 of 
27) and ErgTx-1-sensitive neurons (n = 14 of 18). Normalization of tail currents (Fig. 
3.12d) provides a reasonable estimate for the activated channel fraction (open or 
inactivated state) before repolarization. Using the Boltzmann equation to fit the 
activation curves, we obtained half-maximal activation values (V1/2) of -13.8 mV (E-
4031) and -7.1 mV (ErgTx-1) as well as slope factors k = 17 (E-4031) and k = 16 
(ErgTx-1), respectively. These data show that, although channels begin to activate at 
subthreshold potentials, a considerable membrane depolarization is required to 
evoke substantial channel activation.  
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In addition to voltage-dependent gating characteristics, ion channel function is 
determined by gating kinetics.  
 
 
 
Figure 3.14: a, Representative original recording after digital current subtraction (control-E-4031). On 
expanded coordinates (dotted square area), note the increase in current amplitude during prolonged 
depolarization. b, Average tail current densities increased with prepulse duration (monoexponential fit 
extrapolated to 0 pA/pF: τact = 194 ms; n = 13). c, On a logarithmic time scale, normalized tail currents 
(I/Imax) increase in a linear manner (half-maximal activation at a prepulse duration of 25.8 ms). 
 
 
To investigate ERG channel activation kinetics in VSNs, we applied an envelope of 
tail current protocol (Schonherr et al., 1999; Sturm et al., 2005). Depolarizing 
prepulses (40 mV) of increasing duration (5–2310 ms; increment factor, 1.55) were 
followed by hyperpolarization to -120 mV (Fig. 3.14). When current densities were 
plotted as a function of prepulse duration (Fig. 3.14b, c), IK(ERG) amplitude increased 
exponentially with a time constant τact = 194 ms (n = 13). Similar values were 
reported for recombinant rERG channels (τact = 95 ms (rERG3) to 215/123 ms 
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(rERG1a/ rERG1b)) (Hirdes et al., 2005). However, we observed a significant current 
(-37.3 ± 11.2 pA/pF) even at 5 ms depolarizations (Fig. 3.14b), corresponding to 34.4 
± 5.3 % of open channels (current normalization (I/Imax) on a semilogarithmic scale) 
(Fig. 3.14c). Half-maximal activation was observed after 25.8 ms. These results 
indicate that, provided a substantial membrane depolarization, a considerable 
fraction of vomeronasal ERG channels displays a relatively rapid time course of 
activation. 
 
3.1.4 Biophysical ‘fingerprint’ of ERG channels: current availability and deactivation 
The combination of fast recovery from inactivation and relatively slow deactivation is 
a characteristic feature of ERG channels (Schwarz and Bauer, 2004) underlying their 
role in membrane repolarization and modulation of excitability. Therefore, we next 
studied vomeronasal ERG current availability after repolarization. VSNs were 
depolarized (40 mV) for 500 ms to fully activate/inactivate ERG channels.  
After repolarization to variable potentials (-10 to -120 mV, 100 ms), drug-sensitive tail 
current amplitudes and deactivation kinetics are clearly voltage dependent (Fig. 
3.15). Forty-nine percent (25 of 51; E-4031) and 53 % (8 of 15; ErgTx-1) of all 
neurons, respectively, exhibited ERG mediated currents (Fig. 3.15a), whereas no 
currents were detected in the remaining 26 (E-4031) and 7 (ErgTx-1) VSNs (Fig. 
3.15b). IK(ERG) quasi steady-state inactivation curves were derived from peak current 
densities and fitted by the Boltzmann equation. No significant amplitude differences 
(one exception at -30 mV), similar V1/2 values for half-maximal recovery from 
inactivation (E-4031, -62.3 mV; ErgTx-1, -63.8 mV), and slope factors (E-4031, k = 
19; ErgTx-1, k = 17) illustrate the effective isolation of vomeronasal ERG currents 
using either blocker (Fig. 3.15c, d). Using S3, the calculated Nernst equilibrium 
potential for K+ is -32.5 mV. Individual normalized IK(ERG) availability curves reversed, 
on average, at -30.5 ± 1.5 mV (ErgTx-1; n = 6) and -26.7 ± 1.3 mV (E-4031; n = 10; p 
= 0.078), respectively, confirming the K+ selectivity. Notably, at potentials of -60 mV 
or less, IK(ERG) deactivation was not complete after 100 ms (Fig. 3.15a, expanded 
traces). When plotting average amplitudes, at 95 ± 5 ms after repolarization, versus 
membrane potential (Fig. 3.15e), this ‘steady-state’ current becomes apparent (E-
4031, n = 13; ErgTx-1, n = 8). 
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Figure 3.15: Voltage dependence of ERG channel deactivation. a–d, ERG current availability depends 
on the degree of repolarization. a, Representative original tail currents recorded during repolarization 
steps to variable membrane potentials (-10 to -120 mV; inset, pulse protocol). Recordings are shown 
under control conditions, in the presence of E-4031 (10 µM) and after digital off-line subtraction 
(control-E-4031). b, In 26 VSNs, essentially no drug-sensitive currents could be isolated. c, d, Quasi 
steady-state IK(ERG) inactivation curves derived from peak current densities (c) or normalized current 
amplitudes (d; I/Imax) and plotted as a function of the repolarization voltage [filled circles, E-4031, n=25; 
filled triangles, ErgTx-1 (100 nM), n=8]. Data points are fitted by the Boltzmann equation. With one 
exception (c; -30 mV), no significant differences are observed between curves derived using either 
inhibitor. e, Steady-state current density after 95 ms of repolarization (E-4031, n = 13; ErgTx-1, n = 8). 
At membrane potentials of -60 mV or less, a nondeactivating or slowly deactivating current is recorded 
(a; expanded dotted square area). Trend lines were extrapolated using a Gauss function.  
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Figure 3.16: Voltage dependence of ERG channel deactivation kinetics. a, Representative original tail 
currents recorded during repolarization steps to variable membrane potentials (-10 to -120 mV). 
Recordings are shown after digital off-line subtraction (control-E-4031). On expanded coordinates 
(dotted square area; left), the voltage dependence of current availability becomes obvious (n = 25). f, 
g, Voltage dependence of deactivation kinetics (filled circles, E-4031, n = 16; filled triangles, ErgTx-1, 
n = 5). τdeact was determined by single-exponential fits during a fixed time period (2–25 ms after 
repolarization). On a semilogarithmic scale (f), τdeact versus repolarization potential shows a linear 
relationship. When τdeact values are normalized to data obtained at -60 mV (c), no differences in 
deactivation kinetics are observed using either ERG inhibitor. 
 
In Figure 3.16 a (dotted square area; left), the voltage dependence of deactivation 
becomes evident. Tail current decay was fitted by a single exponential function (gray 
dashed line) to determine deactivation time constants (τdeact). Currents elicited by 
strong hyperpolarization (Fig. 3.16a, -120 mV trace) deactivated faster than currents 
evoked by step repolarization to less negative potentials (Fig. 3.16a, -90 mV trace). 
This characteristic of ERG channels was quantified by plotting τdeact versus the 
repolarization potential (Fig. 3.16a, b). On a semilogarithmic scale, the voltage 
dependence of τdeact was linear (Fig. 3.15b). Normalization to values recorded at -60 
mV (E-4031: 21.5 ± 2.6 ms, n = 16; ErgTx-1: 20.3 ± 5 ms, n = 5) reveals no 
inhibitcorrelated differences (Fig. 3.15c). Together, substantial ERG-mediated K+ 
current, consisting of both a deactivating tail and a steady-state current component, 
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is available in basal VSNs during fast repolarization to subthreshold membrane 
potentials. 
 
3.1.5 The ERG1 channel subunit is a major contributor to vomeronasal IK(ERG) 
K+ channel profiling and semiquantitative immunochemistry revealed activity-
dependent upregulation of ERG1 expression (Fig. 3.2 and 3.4). Therefore, we aimed 
to dissect the role of this specific subunit in generation of vomeronasal ERG currents 
using a pharmacological approach. In contrast to the less selective agents E-4031 
and ErgTx-1, the recombinant peptide rBeKm-1 completely blocks ERG1 at 
nanomolar concentrations without affecting other channels including ERG3 
(Korolkova et al., 2001; Restano-Cassulini et al., 2006). 
 
 
 
Figure 3.17: Substantial contribution of the ERG1 channel subunit to vomeronasal IK(ERG). a, Quasi 
steady-state activation of vomeronasal ERG currents (see Fig. 4.12) (filled circles, E-4031 (10 µM), n 
= 16; filled squares, rBeKm-1 (100 nM), n = 8). Current densities are shown as a function of prepulse 
potential and fitted by the Boltzmann equation. At depolarization to positive voltages (10–40mV and 60 
mV), rBeKm-1-sensitive amplitudes are significantly smaller than currents isolated using the 
nonsubunit-selective agent E-4031 (p < 0.05). b, Significant differences in channel availability after 
repolarization (filled squares, rBeKm-1, n = 8; filled circles, E-4031, n = 25). Inactivation curves show 
significantly decreased peak densities for ERG1-specific currents at potentials of -80 mV or less ( p < 
0.05). c, Similar steady-state current characteristics are detected using either pharmacological 
treatment. Trend lines are calculated using a Gauss function. 
 
We, thus, repeated various experiments shown in Figures 3.12, 3.14 and 3.15 using 
rBeKm-1 (100 nM) to study activation, recovery from inactivation, and deactivation of 
isolated ERG1-mediated currents (Fig. 3.17). Eight of 15 VSNs (53 %) showed 
rBeKm-1-sensitive currents. Quasi steady-state activation was compared with data 
obtained when blocking all subunits using E-4031 (Fig. 3.17a). We found significantly 
smaller rBeKm-1-sensitive current amplitudes at positive potentials. Activation curves 
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showed similar V1/2 values for currents isolated by rBeKm-1 (-18.6 mV) and  E-4031 
(-13.8 mV). However, the slope of the rBeKm-1 curve (k = 23.8) was considerably 
more shallow than for currents isolated by E-4031 (k = 17). In experiments 
addressing current availability after repolarization (Fig. 3.17b), significantly decreased 
amplitudes are observed in rBeKm-1-treated VSNs after repolarization to membrane 
potentials of -80 mV or less. Moreover, half-maximal recovery from inactivation and 
slope factors were different (E-4031: -60.3 mV, k = 19; rBeKm-1: -71.5 mV, k = 25). 
Notably, no differences in the nondeactivation current component were found using 
either treatment (Fig. 3.17c), suggesting that the steady-state current is 
predominantly, if not exclusively, mediated by homomeric or heteromeric ERG1 
channels. In summary, these data indicate that the ERG1 subunit(s) contributes 
substantially to the total ERG-mediated current. However, a small but significant 
fraction is carried by rBeKm-1-insensitive subunits. 
 
3.1.6 IK(ERG) is selectively expressed in basal VSNs 
Immunochemistry revealed that ERG subunits are exclusively found in basal neurons 
(Fig. 3.6 and 3.7). If so, ERG-mediated currents should only be expressed in ~50 % 
of all VSNs. Indeed, we observed IK(ERG) in 53 % (41 of 78; E-4031), 67 % (22 of 33; 
ErgTx-1), and 53 % (8 of 15; rBeKm-1) of investigated neurons. 
To consolidate these findings, we labeled several VSNs (n = 11) during voltage-
clamp analysis by adding Alexa488 hydrazide (20 µM) to the pipette solution. This 
allowed on-line in situ visualization of VSN morphology (Fig. 3.18a, left and middle), 
post hoc immunocytochemical analysis (Fig. 3.18b–f ), and 3-D reconstruction (Fig. 
3.18a, right) (n = 7). All labeled neurons exhibited an intact cytoarchitecture. Given 
the rather diffuse zonal boundary in the VNO (Fig. 3.5) (Martini et al., 2001; Leinders-
Zufall et al., 2004), it was, however, impossible to infer basal or apical identity of a 
given neuron simply from in situ visualization. 
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Figure 3.18: During whole-cell experiments, cells were fluorescently labeled via diffusion of Alexa488 
for in situ visualization, post hoc immunocytochemical analysis, and 3-D reconstruction of VSN 
morphology. a Left, Overlay of two photomicrographs of an acute VNO slice taken under infrared-DIC 
illumination and epifluorescence, respectively. The soma (black arrowhead) of the VSN under 
investigation is visualized by dye diffusion from the pipette. Middle, Low-magnification bright-field 
image of a VNO slice after recording. Under epifluorescence, the recorded neuron is readily identified 
(inset). Right, 3-D reconstruction of the same fluorescently labeled VSN shown before (middle; inset). 
b–f, Layer-specific classification of Alexa488-labeled VSNs by post hoc immunocytochemistry. V2R2, 
PDE4a, or ERG1 counterstaining shows that VSNs that exhibited ERG currents in previous voltage-
clamp recordings (n = 8) are V2R2 positive (b) or PDE4a negative (c), respectively, whereas neurons 
that showed no ERG dependent currents are either negative for V2R2 (d) or ERG1 (f ) or PDE4a 
positive (e). a, Axon; BV, blood vessel; d, dendrite; k, knob; L, lumen; ML, microvillous layer; p, patch 
pipette; s, soma; SCL, sustentacular cell layer; SE, sensory epithelium. 
 
We therefore determined cell identity by post hoc immunocytochemistry using anti-
V2R2 (Fig. 3.18b, d), anti-PDE4a (Fig. 3.18c, e), and anti-ERG1 (Fig. 3.18f) 
antibodies. All labeled VSNs that showed ERG-mediated currents (n = 8) were 
immunopositive for either ERG1 (n = 4) or V2R2 (n = 2) or showed no PDE4a 
staining (n = 2), respectively (Fig. 3.18b, c). In contrast, cells that exhibited no current 
(n = 3) were either negative for V2R2 (Fig. 3.18d) or ERG1 (Fig. 3.18f) or strongly 
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stained by the anti-PDE4a (Fig. 3.18e) antibody. ERG-mediated currents are thus 
unique to basal V2R-expressing neurons. 
 
3.1.7 Regulated transcription is effectively translated into change in protein 
functionality 
We next asked whether the reduced ERG1 channel expression in stimulus-deprived 
mice (Table 3.1 and Fig. 3.4) is reflected in VSN electrophysiology. 
 
 
 
 
Figure 3.19: ERG currents are reduced in VSNs of stimulus-deprived mice. a, c, Activation curves of 
either E-4031-sensitive (a) or rBeKm-1-sensitive (c) ERG currents from stimulus-deprived (filled 
diamonds; a, n = 9; c, n =11) and control (a, filled circles, n = 16; c, filled squares, n = 8) animals. At 
depolarizations of -40mV or more (a) or -10 mV or more (c), respectively, the reduction is highly 
significant (p ≤ 0.005). b, d, IK(ERG) availability curve for stimulus-deprived (filled diamonds; b, n = 8; d, 
n = 7) and control (b, filled circles, n = 25; d, filled squares, n = 8) mice. Current densities are 
significantly smaller after repolarization to voltages of -60 mV or less (b) or -30 mV or less (d), 
respectively (p ≤ 0.05). 
 
To address this question, we recorded ERG-mediated currents in optically identified 
basal VSNs (Kelliher et al., 2006) from stimulus-deprived animals (n = 9). Using the 
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same pulse protocols as shown in Figures 3.12, 3.14 and 3.15, we recorded both E-
4031- and rBeKm-1-sensitive tail currents as a function of either prepulse (Fig. 3.19a, 
b) or repolarization (Fig. 3.19c, d) potential, respectively. Indeed, using either E-4031 
to isolate total ERG currents or rBeKm-1 to specifically isolate the ERG1-dependent 
component, current densities were significantly reduced in VSNs from deprived mice. 
When data from deprived animals (E-4031) were fitted by the Boltzmann equation, 
the slopes of both the IK(ERG) activation (k = 20) and the availability curve (k = 27) 
were considerably shallower than observed for control neurons (k = 17/19) (Fig. 
3.19a, b), indicating not only a reduced density of functional channels but also a 
relative change in subunit composition. Notably, when ERG1-specific currents were 
isolated from VSNs of control versus deprived mice using rBeKm-1, we observed 
significantly reduced current densities in deprived mice (Fig. 3.19c, d), indicating that 
the substantial reduction in total IK(ERG) in VSNs from stimulus-deprived mice is, at 
least in part, attributable to decreased ERG1 expression. This conclusion is 
supported by the fact that we never observed a nondeactivating current in deprived 
mice. Because rBeKm-1-sensitive steady-state currents were almost 
indistinguishable from controls (Fig. 3.17c), this lack of a steady-state current 
supports the concept of ERG1 being a critical subunit for incomplete deactivation at 
hyperpolarized voltages. 
 
3.1.8 IK(ERG) contributes to the late phase of action potential repolarization in VSNs 
Several biophysical characteristics of vomeronasal ERG currents suggest a potential 
function in action potential repolarization. First, considerable membrane 
depolarization (as e.g. during action potential overshoot) is required to evoke 
substantial channel activation (Fig. 3.12). Second, significant currents are observed 
even at preceding depolarizations as short as 5 ms (Fig. 3.14). Third, little 
inactivation occurs during depolarization (Fig. 3.14). Do ERG channels, thus, 
contribute to spike repolarization in VSNs? To clarify this question, we recorded E-
4031-sensitive currents using the action potential clamp technique. Prerecorded 
trains of action potentials elicited by positive current injection into VSNs were applied 
as the command waveforms (black traces). This way, vomeronasal ERG channels 
experience precisely the same trajectory of voltage as during naturally occurring 
action potentials (Bean, 2007).  
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Figure 3.20: Activation of IK(ERG) during VSN AP repolarization. a, When prerecorded VSN spike trains 
are applied as the command voltage (AP clamp; black waveforms), E-4031-sensitive currents are 
observed after digital subtraction (red trace; n = 24). A single representative event (dotted square) is 
shown at higher resolution (right). During AP discharge, an outward current is activated that reverses 
direction during repolarization, reaches a maximum at -70 mV (black dotted lines), and decays 
exponentially. The observed reversal potential is close to the calculated Nernst K+ equilibrium potential 
of -32.5 mV (red dotted lines). b, Representative AP clamp recording (left; red trace) at a command 
voltage spike train displaying frequency adaptation (black). Quantitative analysis (right) of ERG current 
amplitudes versus interspike intervals is shown. Total IK(ERG) is isolated from control VSNs using E-
4031 (10 µM; n = 14; black circles, solid line), whereas ERG1-dependent currents are isolated by 
rBeKm-1 (100 nM; black squares, dashed line (control, n = 14); red diamonds, solid line (deprived, n = 
9)). Current densities decrease exponentially with prolonged interspike intervals. In VSNs from 
deprived animals, IK(ERG) is significantly reduced ( p ≤ 0.05). c, Representative AP clamp recording 
(left; red trace) at a command voltage spike train. Amplitudes varied as a function of interspike interval 
at frequencies ≥ 7 Hz, showing larger currents at shorter interspike episodes. Quantitative analysis 
(right) of ERG current amplitudes versus interspike intervals is shown. 
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Figure 3.20a shows a drug-sensitive current that is rapidly activated and shifted from 
outward to inward during the repolarizing phase (n = 24). On expanded coordinates 
(Fig. 3.20a, right), this current reversed close to the calculated Nernst K+ equilibrium 
potential of -32.5 mV (red dotted lines), reached a peak close to the point of maximal 
repolarization (-70 mV; black dotted lines), and decayed exponentially with a mean 
time constant of τdeact = 17.9 ± 4.3 ms. We next asked whether the duration of 
interspike episodes affects the ERG current amplitude. Frequency-dependent ERG 
current accumulation has previously been observed (Chiesa et al., 1997; Schonherr 
et al., 1999). When a train of VSN APs, showing spike frequency adaptation during 
constant current injection, was used as a stimulus template, ERG amplitudes 
decreased with prolonged interspike intervals (Fig. 3.20b, c) (control/E-4031, n = 14; 
control/rBeKm-1, n = 14; deprived/rBeKm-1, n = 9). At discharge intervals longer than 
~150 ms, however, peak current densities remain relatively stable, indicating that at 
frequencies ≥7 Hz incomplete ERG channel deactivation between spikes could lead 
to current accumulation (Fig. 3.20c). Moreover, AP-driven ERG currents are strongly 
ERG1 dependent (Fig. 3.20b, right). Total IK(ERG) amplitudes (E-4031) and the ERG1-
specific current component (rBeKm-1) are not statistically different, although the latter 
tends to be consistently smaller. In VSNs from deprived animals, however, ERG1-
dependent current flow during AP discharge is strongly reduced (red graph). In 
summary, these data show that considerable ERG1-dependent currents flow during 
the late repolarizing phase of vomeronasal AP discharge. 
 
3.1.9 IK(ERG) extends the dynamic range of the vomeronasal stimulus-response 
function 
What is the physiological relevance of ERG channel activation during action potential 
firing? We addressed this question by recording VSN input-output relationships in 
current-clamp configuration under physiological ionic conditions. The majority of 
VSNs were spontaneously active at rest. We therefore injected a constant 
hyperpolarizing current (-0.5 to -3 pA) to keep membrane potential as close as 
possible to -75 mV, thereby abolishing spontaneous firing. 
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Figure 3.21: ERG channels determine the output range of basal vomeronasal neurons. a, 
Representative AP discharge patterns induced by current injections. The injection protocol (gray box) 
mimics a prerecorded VSN receptor current profile in response to focal application of diluted urine 
(1:100; red trace). High-frequency firing is impaired in response to current injections both after ERG 
channel inhibition and VSNs of stimulus-deprived animals. Lowercase letters indicate corresponding 
injection protocols. b, Mean number of spikes versus current injection length (a) in control VSNs (n = 
6; black circles, solid line), after ERG channel inhibition (n = 6; black diamonds, dashed line), and in 
VSNs from deprived animals (n = 36; red diamonds, solid line). Drug incubation and deprivation 
significantly reduce the total spike count at durations ≥ 500 ms (p ≤ 0.05). 
 
First, we investigated VSN output in response to a naturally occurring receptor 
current profile. We designed a current injection protocol that mimicked a basal VSN 
response that we recorded after application of diluted urine (Fig. 3.21, gray box, top). 
This protocol was applied for five cycles of increasing duration (Fig. 3.21a, gray box, 
bottom, a–e). VSN firing patterns were analyzed in the absence and presence of E-
4031 (10 µM). Six of 13 VSNs showed a dramatic effect on AP firing. In these 
neurons, the number of spikes was significantly reduced after drug incubation (Fig. 
3.21b). Notably, this effect was most pronounced during the initial phase of high-
amplitude current injection (25 - 7 pA). Here, we frequently observed that VSNs 
ceased firing after one or a few initial spikes, but returned to a tonic discharge pattern 
during small-amplitude current injection (7 - 2 pA) (Fig. 3.21a, traces d and e). Analog 
results were obtained from analysis of firing patterns in deprived mice (Fig. 3.21a, b, 
red) (n = 36). These data suggest that, by ensuring a sufficient level of membrane 
repolarization, vomeronasal ERG currents could play a critical role during periods of 
strong sensory activation. 
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Figure 3.22: Typical firing responses induced by constant 1 s depolarizing current steps of variable 
amplitude (4–40 pA; 4 pA increments). Note the continuous decline in AP amplitude (deprivation/ERG 
channel inhibition) as a putative result from reduced membrane repolarization and, consequentially, 
insufficient recovery from Na+ channel inactivation. d, Mean firing frequency versus current amplitude 
(f-I curve). For amplitudes ≥ 4 pA (deprived, n = 30) or ≥ 8 pA (E-4031, n = 11), respectively, the 
frequency is significantly reduced (p < 0.005). Under control conditions, firing rates approximate a 
maximum frequency of ~25 Hz. After deprivation or ERG channel inhibition, the f-I curve shows a 
more bell-shaped appearance. 
 
If the above hypothesis is true, the effect should become more pronounced with 
increased spike frequencies. Indeed, when the firing rate is analyzed as a function of 
current injection amplitude (4–40 pA; 1 s duration), the mean spike frequencies are 
significantly reduced in the presence of E-4031 at amplitudes ≥ 8 pA (Fig. 3.22a,b) (n 
= 11 of 15 VSNs). This effect of pharmacological ERG channel inhibition mimics the 
impaired AP firing 
phenotype observed in 
VSNs from stimulus-
deprived animals (Fig. 
3.22a, b, red) (n = 30).  
 
 
 
Figure 3.23: a,b, Representative 
VSN resting potential recordings 
(zero current injection). In both 
quiescent (a) as well as 
spontaneously active (b) neurons, 
incubation with the ERG channel 
inhibitor E-4031 (10 µM) did not 
induce any obvious change in 
resting membrane potential (n = 
12). 
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However, maintenance of a constant resting potential (Fig. 3.23a) (n = 12) and 
spontaneous activity (Fig. 3.23b) (n = 3) were essentially unaffected by ERG channel 
inhibition. We thus conclude that basal VSNs express IK(ERG) to guarantee an 
appropriate input–output relationship at intermediate to high levels of sensory 
stimulation. 
 
 
Figure 3.24: a, Averaged normalized waveforms of 50 APs induced by 45-ms step depolarizations (10 
pA) in absence (black trace) or presence (red trace) of E-4031 (grey ‘shadow’ = SD). Inset illustrates 
calculation of spike parameters. b, c, Quantitative analysis of maximum repolarization (b) and spike 
width (c) for E-4031-sensitive (n = 7; red) and -insensitive (n = 4; black) VSNs. Neither parameter is 
significantly altered in apical neurons, whereas maximum repolarization is significantly shifted to less 
negative values in basal VSNs ((b); p = 0.002). Average spike width is significantly increased (4.8 ± 
0.18 ms (control) to 5.66 ± 0.44 ms (E-4031; (c); p = 0.044)). d, Representative average AP 
waveforms recorded from stimulated (black) and deprived (red) mice in response to 50 consecutive 
step depolarizations (45-ms; 10 pA). Analog to results obtained by pharmacological ERG channel 
inhibition (a-c), stimulus deprivation results in increased spike width and reduced membrane 
repolarization. e, f, Quantification of deprivation effects on maximum repolarization (e) and average 
spike width (f) calculated from average waveforms as shown in (d). Significant changes are observed 
for both parameters in deprived animals (n = 13 (stimulated); n = 21 (deprived); p < 0.005). 
 
To substantiate this concept, we analyzed changes in the ‘anatomy’ of single spikes 
both during ERG channel inhibition (Fig. 3.24a-c) and in stimulated compared to 
deprived mice (Fig. 3.24d-f). Single APs were elicited by repeated injection of 
suprathreshold current (10 pA; 45 ms; 50 cycles at 5 ms intervals). Figure 3.24a 
shows representative examples of 50 normalized and averaged spikes of the same 
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neuron in the absence (black trace) or presence (red trace) of E-4031, respectively. 
Here, spike width is increased from 5.05 ms (control) to 5.85 ms (E-4031). Eleven 
VSNs were examined for both halfwidth (Fig. 3.24c) and maximal membrane 
repolarization (Fig. 3.24b) during current injection. Because the same cells were also 
used for experiments shown in Figure 3.22, we were able to categorize these VSNs 
as either drug sensitive (n = 7; red data points) or insensitive (n = 4; black data 
points). E-4031-sensitive neurons show a significant shift of the maximally 
repolarized membrane potential toward more depolarized values (control, -67.1 ± 1.4 
mV; E-4031, -58.8 ± 1.3 mV; p = 0.008) and a significant increase in half-width 
(control, 4.8 ± 0.18 ms; E-4031, 5.66 ± 0.44 ms; p < 0.005). A similar broadening of 
spike width during ERG channel inhibition has been shown for immature Purkinje 
neurons (from 5.1 to 6.3 ms) (Sacco et al., 2003). Again, when comparing single VSN 
spikes from stimulated (n = 13) versus deprived (n = 21) mice, the deprivation 
phenotype (Fig. 3.24d-f) matches the effects of pharmacological treatment observed 
in control VSNs. Together, these data strongly suggest that vomeronasal ERG 
channels are important determinants of AP shape and VSN set-point excitability. 
 
3.2 Ca2+-calmodulin feedback mediates sensory adaptation and inhibits 
pheromone-sensitive ion channels in the vomeronasal organ 
3.2.1 Ca2+–CaM modulation of diacylglycerol-sensitive cation channels 
Given that the N-Terminus of TRPC2 binds CaM in a Ca2+-dependent manner 
(Yildirim et al., 2003), we reasoned that ion channels underlying primary sensory 
transduction in VSNs might be a target of a Ca2+-mediated negative feedback loop. 
To test this hypothesis, we engaged in collaboration with the groups of Profs. Frank 
Zufall and Trese Leinders-Zufall (Saarland University, Homburg, Germany) to record 
native TRPC2-dependent cation channels in inside-out patches of plasma membrane 
excised from the dendritic tips of dissociated mouse VSNs (Lucas et al., 2003).  
We activated the channels by applying the diacylglycerol analog SAG (30 µM; n = 49) 
to the cytosolic membrane face of the patch and monitored the SAG conductance by 
measuring I–V curves at a rate of 0.2 Hz. With symmetrical divalent cation-free NaCl 
solutions (S6), the conductance does not desensitize (Fig. 3.25a) (Lucas et al., 2003), 
and I–V curves are almost linear with a reversal potential of 0 mV (Fig. 3.25b, SAG).  
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Figure 3.25: Native TRPC2-dependent cation channels from mouse VSN dendrites are inhibited by 
Ca2+-CaM. a, SAG-induced currents plotted over time. Each dot represents the current at -70mV 
obtained from individual voltage ramps as in b. SAG concentration, 30 µM. Application of 50 µM Ca2+ 
(blue) to the intracellular membrane face is without effect. b, I–V relationship of SAG-induced 
conductance measured under control conditions (control, black) and with 50 µM intracellular Ca2+ 
(blue). Curves were elicited by voltage ramps as indicated. c, d, Effect of Ca2+–CaM (red; 1 µM CaM, 
50 µM Ca2+) on the SAG conductance. Dotted line in c is a single exponential fit of the onset time 
course of Ca2+–CaM-mediated channel inhibition. Background conductance (gray) was measured 
before SAG application. Inset in d indicates that the extent of the Ca2+–CaM effect is voltage 
independent between -80 mV and 80 mV (ICa2+-CaM/ISAG). e, f, Ca2+–CaM (red) but not CaM applied by 
itself (1 µM, blue) inhibits the SAG conductance. Note that Ca2+–CaM has no effect on the background 
conductance (gray). g, Sustained SAG-induced channel activity at fixed membrane potential (-70 mV) 
is reversibly inhibited by Ca2+–CaM application. Dotted line (c) represents zero current level. h, 
Examples of single-channel events evoked by the continuous application of SAG (20 µM). Holding 
potential, -70 mV. Channel activity is suppressed during Ca2+–CaM application (1 µM CaM, 50 µM 
Ca2+). Bandwidth, 0 –2.0 kHz. 
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When we exposed patches to a solution containing 50 µM Ca2+ (S7; Fig. 3.25a, b), 
the size or shape of the SAG-activated conductance did not change noticeably; mean 
current amplitude at -70 mV was 102 ± 2.6 % of control (n = 6). In contrast, when we 
added CaM (1 µM) together with 50 µM Ca2+ (Ca2+–CaM), the SAG conductance was 
dramatically diminished (Fig.3.25c, d). Under these conditions, current amplitude 
measured at -70 mV was reduced to 17.9 ± 4.6 % of control (n = 12, t test: p = 
0.006). This effect of Ca2+–CaM was voltage-independent (Fig. 4.25d, inset) and 
could be reversed upon washout. The inhibitory action of Ca2+–CaM on the SAG 
conductance occurred with an approximate time constant of 3–4 s under our 
conditions, as revealed from single exponential fits of the onset time course of Ca2+–
CaM-induced channel inhibition (Fig. 3.25c, dotted line). Subsequent application of 
Ca2+–CaM reduced the SAG conductance to a similar extent (20.7 ± 12 % of control, 
n = 3). CaM (1 µM) applied by itself without added Ca2+ did not produce such channel 
inhibition (104.7 ± 7.7 % of control, n = 3) (Fig. 3.25e, f). There was no effect of 
Ca2+–CaM on the background current measured under control conditions before SAG 
application (Fig. 3.25e, f). To confirm that Ca2+–CaM inhibited SAG-induced channel 
activation, currents were also measured at fixed holding potential (-70 mV; n = 4). In 
the example of Figure 3.25g, SAG caused sustained channel activity that was 
suppressed after application of Ca2+–CaM. This inhibitory effect could be reversed 
upon washout of Ca2+–CaM, consistent with the results obtained from ramp 
experiments. High resolution analysis in patches that contained only one or a very 
few channels (n = 3) confirmed that Ca2+–CaM inhibits the same 42-pS SAG-
sensitive cation channel that we described previously (Lucas et al., 2003) (Fig. 
3.25h). Thus, together, the results of Figure 3.25 indicate that Ca2+–CaM functions as 
a powerful regulator of the activity of native TRPC2- dependent cation channels from 
VSN dendrites. 
 
3.2.2 CaM localization to VSN microvilli 
Since the presence of CaM in VSNs had not been reported previously, we performed 
an immunocytochemical analysis using an antibody directed against CaM (Fig.3.26).  
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Figure 3.26: Localization of CaM to VSN microvilli analyzed by immunohistochemistry. a-e, Confocal 
microscope images at low (left), intermediate (middle) and high resolution (right) show CaM (green, a), 
TRPC2 (red, b) and OMP-GFP fluorescence (gray, d). Costaining of CaM and TRPC2 is observed in 
VSN microvili (yellow, c, e). f, CaM immunoreactivity (red) in a single, dissociated VSN. S, soma; D, 
dendrite; DT, dendritic tip. 
 
In VNO sections prepared from a gene-targeted mouse strain in which all mature 
VSNs can be visualized on the basis of their expression of GFP (gray) under the 
control of the regulatory sequences of the omp (olfactory marker protein) gene 
(Potter et al., 2001), CaM immunoreactivity was evident in virtually all VSNs including 
their cell bodies and dendrites (Fig. 3.26a). To determine whether CaM was also 
expressed in VSN microvilli, the structures that are the primary site of pheromonal 
signaling in the VNO, we used costaining with an antibody directed against TRPC2 
(Fig. 3.26b) that labels primarily the sensory microvilli of VSNs (Liman et al., 1999). 
The merged images (Fig. 3.26c, e, yellow) indicate that CaM is colocalized with 
TRPC2 in VSN microvilli, confirming that CaM has the potential to regulate primary 
signal transduction in intact VSNs. The subcellular distribution of CaM was also 
assessed in dissociated VSNs from OMP-GFP mice (Fig. 3.26f). CaM reactivity was 
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evident in the soma, dendrite and dendritic tip. This pattern confirmed results 
obtained in whole-organ sections (Fig. 3.26a-e).  
 
3.2.3 Concentration dependence of CaM-mediated channel inhibition 
We next analyzed the dependence of Ca2+–CaM-induced channel inhibition on CaM 
concentration (Fig. 3.27a).  
 
 
 
 
 
Figure 3.27: Quantitative analysis of Ca2+–CaM-mediated channel inhibition. a, Dose-dependency of 
the inhibitory effect of CaM. Each data point consists of 3–8 individual current measurements (at -70 
mV). Experiments were done with 50 µM Ca2+ to ensure full CaM activation at all concentrations used. 
b, Histogram showing the dependence of Ca2+–CaM-induced channel inhibition on SAG concentration. 
Numbers of independent recordings are indicated above each bar. c-e, Examples of I–V curves 
obtained with different concentrations of SAG (30, 50 or 100 µM). The extent of Ca2+–CaM-mediated 
channel inhibition (red curves; 1 µM CaM, 50 µM Ca2+) differs dramatically, depending on SAG 
concentration.  
 
Averaged results from several experiments at -70 mV were plotted as dose–response 
relationship (50 µM Ca2+, 30 µM SAG). A fit of the data points using the Hill equation 
revealed a K1/2 value of 540 nM and a Hill coefficient of 2. If this inhibitory effect of 
CaM is involved in sensory adaptation of VSNs, the reduction in current amplitude 
should reflect a shift of the dynamic range of the SAG conductance toward higher 
SAG concentrations (Torre et al., 1995; Menini, 1999; Zufall and Leinders-Zufall, 
2000). If so, Ca2+–CaM-induced channel inhibition would be most effective with SAG 
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concentrations near half-maximal channel activation (EC50), whereas the effect 
should be reduced or absent when saturating SAG concentrations are used. This 
was indeed the case (Fig. 3.27a-e). Whereas Ca2+–CaM (1 µM CaM, 50 µM Ca2+) 
produced nearly complete inhibition when the channels were activated by 15 or 30 
µM SAG (Fig. 3.27b, c), there was almost no effect when we used 100 µM SAG (Fig. 
3.27b, e), which generates a saturating current in intact VSNs (Lucas et al., 2003). 
These results are consistent with a model in which Ca2+–CaM reduces the effective 
affinity of SAG by acting on channel gating. 
 
3.2.4 Disruption of CaM signaling 
To obtain a clearer understanding of the functional role of Ca2+–CaM-mediated 
channel inhibition in VSNs, we next sought to disrupt the CaM feedback. The 
experimental design we used was based on the goal to block the CaM feedback not 
only in excised membrane patches (Fig. 3.28) but also in intact VNO neuroepithelium 
(Figs. 3.29 and 3.30).  
We found that the potent CaM antagonist ophiobolin A (Fig. 3.28a), a membrane-
permeant phytotoxin produced by pathogenic fungi (Leung et al., 1984; Peters and 
Mayer, 1998; O’Connor et al., 1999; Au et al., 2000), is ideal for this approach. 
Ophiobolin A (20 µM) applied by itself had no effect on the resting conductance 
measured before SAG application or on the SAG-sensitive conductance (Fig. 3.28f). 
Ophiobolin A is known to rapidly bind to lysines 75, 77 and 148 in the calmodulin 
molecule and thereby inactivates the protein in an irreversible manner (Kong and 
Chow, 1998). Accordingly, when we applied Ca2+–CaM together with ophiobolin A, 
the Ca2+–CaM-mediated inhibition of the SAG conductance was virtually absent (n = 
8) (Fig. 3.28b, c, f). Another specific CaM antagonist, the 12-mer peptide CALP2 
(VKFGVGFKVMVF; 50 µM) (Fig. 3.28d, e), which binds to the EF-hand/Ca2+-binding 
site of CaM and thereby prevents activation by Ca2+ (Villain et al., 2000), showed the 
same effect (n = 5) (Fig. 3.28d-f). Other CaM antagonists such as calmidazolium 
were not used in this study because of their reported blocking effects on olfactory 
cyclic nucleotide-gated cation channels (Kleene, 1994). 
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Figure 3.28: Disruption of Ca2+–CaM-mediated inhibition. a, Chemical structure of the CaM antagonist 
ophiobolin A. b, c, Coapplication of 20 µM OphioA prevents Ca2+–CaM-induced inhibition of SAG 
currents. d, e, Ca2+–CaM-induced inhibition of SAG currents is prevented by the peptide inhibitor 
CALP2 (50 µM). f, Summary of the effects of antagonists on Ca2+–CaM-induced inhibition of SAG 
currents (-70 mV). Each response was normalized to its own control response obtained before 
application of each test compound. Number of independent recordings indicated above each bar. Note 
that application of a specific peptide inhibitor of CaMKII, AIP-II (500 nM), does not prevent Ca2+–CaM-
mediated channel inhibition. 
 
Because odor adaptation of olfactory sensory neurons (OSNs) depends in part on 
Ca2+–CaM-dependent protein kinase II (CaMKII) (Leinders-Zufall et al., 1999), we 
tested a potential role of CaMKII in CaM-regulated inhibition of the SAG 
conductance. However, application of a specific peptide inhibitor of CaMKII, 
autocamtide-2 related inhibitory peptide II (AIP-II; KKKLRRQEAFDAL; 500 nM) 
(Ishida et al., 1998), did not prevent CaM mediated channel inhibition, ruling out an 
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involvement of CaMKII in this effect (n = 4) (Fig. 3.28f). This finding is consistent with 
the absence of CaMKII immunoreactivity in rodent VSNs (Menco, 2005). 
 
3.2.5 VNO pheromone responses undergo Ca2+–CaM-dependent sensory 
adaptation 
Do stimulus-induced VSN responses undergo sensory adaptation? To examine this 
question, we first used local field potential recordings (the electro-vomeronasogram 
(EVG)) and measured electrophysiological responses to natural urine stimuli or single 
pheromone ligands from the microvillous layer of an intact VNO preparation 
(Leinders-Zufall et al., 2000, 2004; Del Punta et al., 2002; Leypold et al., 2002). In 
OSNs, odor adaptation is evident as a decrease in sensitivity arising from prolonged 
or previous odor exposure (Torre et al., 1995; Zufall and Leinders-Zufall, 2000; 
Munger et al., 2001; Song et al., 2008). We therefore applied single or paired pulses 
of chemostimuli.  
We found evidence for VSN sensory adaptation in each case (Fig. 3.29) (n = 68). For 
example, during prolonged stimulation with dilute urine (DU, 1:1000; 6 s), the sensory 
response declined in a time-dependent manner before reaching a new steady-state 
plateau (Fig. 3.29a, b). This decline in sensitivity of the VSNs followed an exponential 
time course with an average desensitization time constant of 2.5 ± 0.5 s (n = 8; 
range: 1.2–5.1 s) (Fig. 3.29a, b), consistent with the time course of Ca2+–CaM 
mediated inhibition of the SAG conductance (Fig. 3.25).  
The extent of adaptation as derived from the ratio (r) between plateau and peak 
amplitudes (r value) was 0.48 ± 0.05 (n = 8; range: 0.2–0.64). We obtained very 
similar results when we used single ligands such as 2-heptanone (n = 18) or the 
major histocompatibility complex class I peptide SYFPEITHI (n = 7) (Fig. 3.29d-f). 
This decrease in the amplitude of pheromone evoked potentials during sustained or 
repetitive stimulation shows that VSNs possess effective regulatory mechanisms that 
adjust the gain and amplification of the signal transduction machinery in a time-
dependent manner after chemostimulation. 
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Figure 3.29: Ca2+–CaM feedback underlies VSN adaptation. a-c, Stimulus-evoked field potentials 
undergo time-dependent adaptation, evident as a decline of the response during sustained (6 s) 
stimulation (a, b) or as response reduction during brief (500 ms), repetitive stimulation (c). Stimulus, 
DU (1:1000). b, Adaptation onset time course obtained from a single exponential fit (Levenberg-
Marquardt nonlinear, least-squares algorithm) of the desensitization phase superimposed on the 
voltage trace (dotted line). Time constants (τ) are indicated. To quantify the extent of adaptation, the 
ratio (r) between plateau and peak amplitudes (r value) is given in (a, b, f, h). d-g, Comparison of 
stimulus-induced VNO responses under control conditions (black) and in the presence of ophiobolin A 
(100 µM; gray). Responses were scaled to enable direct comparison of adaption time courses in 
different experiments. Two identical 6 s pulses of 10 nM 2-heptanone (d) or 0.3 pM SYFPEITHI (e), 
respectively, were applied. Interpulse interval was 10 s. Note that ophiobolin A treatment abolishes 
sensory adaptation. f, Quantitative analysis of the effect of ophiobolin A on adaptation. Control (black), 
ophiobolin A (gray). r values of the first response are shown. For stimulation with 2-heptanone, r = 
0.62 ± 0.04 for control and r = 0.95 ± 0.02 for ophiobolin A; for stimulation with SYFPEITHI, r = 0.58 ± 
0.04 for control and r = 0.94 ± 0.02 for ophiobolin A (**LSD: p < 0.0001). Number of independent 
recordings indicated above each bar. g, Lack of effect of ophiobolin A on the size of the peak 
response. For control (black), Vpeak = 300.8 ± 45.3 µV; for ophiobolin A (gray), Vpeak = 311.4 ± 21.0 µV 
(NS; t test: p < 0.82). h, VSN adaptation requires Ca2+ entry. Comparison of r values of field potentials 
with normal (1 mM; control, black) or lowered extracellular Ca2+ (0.9 µM; low Ca2+, gray). For control, r 
= 0.44 ± 0.03; for low Ca2+, r = 0.86 ± 0.02 (**t test: p < 0.0001). Number of independent 
measurements indicated above each bar. Stimuli were 2,5-dimethylpyrazine (10 nM), 2-heptanone (10 
nM) or farnesene (10 nM). Stimulus duration, 6 s. NS, Nonsignificant. 
 
Ca2+–CaM-dependent feedback inhibition would be ideally suited to mediate 
sensitivity regulation in VSNs. We disrupted the CaM feedback by applying 
ophiobolin A (100 µM, 10 min pretreatment) to the VNO neuroepithelium. In the 
presence of the CaM antagonist, adaptation was virtually absent, as indicated by the 
loss of the progressive reduction of the field potential response during 
 Results 
70 
 
chemostimulation (Fig. 3.29d-f) (n = 20). Furthermore, the size of responses to the 
first and second stimuli were nearly identical with ophiobolin A (Fig. 3.29d, e) (n = 
20). To test for any nonspecific effects of ophiobolin A on other membrane-
associated components of the transduction cascade, we compared field potential 
peak response (Fig. 3.29g) in control (n = 15) and ophiobolin A-treated (n = 20) 
VNOs. There were no systematic differences, indicating that ophiobolin A treatment 
did not alter the molecular steps upstream from the pheromone-sensitive channels. If 
this CaM-mediated adaptation depends on Ca2+ entry through pheromone-sensitive 
ion channels, lowering the extracellular Ca2+ concentration in the solution 
surrounding the VSN microvilli and dendritic knobs should decrease the extent of 
adaptation and thus mimic the effect of CaM antagonists. This was indeed the case, 
as shown by the collective results of Figure 3.29h (n = 13; stimuli: 2,5-
dimethylpyrazine (10 nM), 2-heptanone (10 nM), or farnesene (10 nM)). Hence, 
removal of the Ca2+–CaM feedback, by preventing Ca2+ entry through transduction 
channels or by functional blockade of intracellular CaM signaling, minimizes or 
eliminates VSN adaptation. Because the tight junctions sealing off the luminal side of 
the sensory epithelium are still intact in this preparation, the low Ca2+ concentration 
will only be ‘sensed’ by the microvilli and the knob, not the dendrite, soma or axon of 
a given VSN. These results, therefore, strongly implicate the transduction channels in 
the microvilli and knob as the source of Ca2+ entry mediating adaptation. Subsequent 
voltage-clamp experiments shown in the following (Fig. 3.30a, b) support this 
conclusion. 
 
3.2.6 Ca2+-CaM-dependent adaptation modulates pheromone responsivity of 
individual VSNs 
To validate the findings obtained from the analysis of population responses, we next 
investigated pheromone-evoked sensory currents in individual, voltage-clamped 
VSNs that were maintained in acute VNO tissue slices (holding potential, -70 mV; 
DU, 1:100). For these experiments, we used a paired-pulse protocol in which two 
identical 20 s pulses were separated by a 30 s rest period (Fig. 3.30a, b).  
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Figure 3.30: Evidence for Ca2+-CaM-mediated adaptation in individual VSNs. a, Paired-pulse 
stimulation using two identical 20 s stimuli separated by a 30 s rest period (1:100, DU) reveals 
adaptation of primary sensory currents in voltage-clamped VSNs. Membrane potential, -70 mV. A 
single exponential fit ot the onset phase of adaptation is superimposed on the current trace in the first 
stimulus. b, Extent of adaptation as measured by the ratio between plateau and peak currents (***t 
test: p < 0.0001). c-e, Paired-pulse adaptation in single current-clamped VSNS (DU, 1:100). Less 
neural activity is produced by the second stimulus presentation, as derived from the number of spikes 
per 20 s stimulation period (d) or the mean amplitude of the receptor potential (e)(*t test: p < 0.05). f-l, 
Such paired-pulse adaptation is abolished after ophiobolin A (f-h) or CALP2 (i-l) treatment. m, n, 
Absence of paired-pulse adaptation in response to current injection (2 pA) and lack of effect of 
ophiobolin A or CALP2 on current-injected VSN responses. 
 
The first stimulus evoked a sensory current that rose to a peak and then declined 
back to a steady plateau, despite the continued presence of the chemostimulus (n = 
10). This adaptation occurred with an onset time constant of 2.4 ± 0.6 s (n = 10). The 
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extent of adaptation, as derived from the r value, was 0.2 ± 0.04 under these 
conditions (n = 10). In contrast, the second pulse evoked a strongly diminished 
response similar in size to the plateau current of the first response (Fig. 3.30a) (n = 
7). No further adaptation occurred during the second stimulus (Fig. 3.30a, b), 
indicating that the first (conditioning) response had fully adapted the cells. These 
results recapitulate the findings obtained from population responses as shown in 
Figure 3.29 and thus directly demonstrate that primary sensory currents in VSNs 
undergo time-dependent adaptation in response to chemostimulation. The data also 
show that VSNs do not recover from this adaptation during the 30 s interpulse 
interval (Fig. 3.30a), although recovery eventually did occur after washing periods of 
several minutes. Importantly, these results also provide some insight into the 
potential source of Ca2+ entry underlying adaptation and thus support the findings of 
Figure 3.29h. For example, VSNs not only express Ca2+-permeable TRPC2 channels 
but also a variety of voltage-gated Ca2+ channels (Liman and Corey, 1996; Ukhanov 
et al., 2007). Under the voltage-clamp conditions used here (Fig. 3.30a, b), activation 
of voltage-gated Ca2+ channels is prevented. Hence, we conclude that localized Ca2+ 
entry through transduction channels but not voltage-gated Ca2+ channels is essential 
for paired-pulse adaptation in single VSNs. 
Thus far, our findings indicate that VSNs exhibit efficient adaptation mechanisms that 
modulate the gain of signal transduction and thus alter the sensitivity of a VSN to a 
given stimulus. Next, we used current-clamp recordings from individual VSNs in 
tissue slices to determine, whether adaptation affects the output signal of a given 
VSN to alter the information that would be transmitted to the accessory olfactory bulb 
(Fig. 3.30c-n). These experiments used the same paired-pulse paradigm as in Figure 
3.30a. Consistent with the voltage-clamp experiments, we found that the first stimulus 
caused a strong reduction in responsivity to the second stimulus, with the average 
number of action potentials declining from 29 ± 10 (n = 13) to 11 ± 5 (n = 13) (Fig. 
3.30c, d). This effect was accompanied by a reduction in the average size of the 
receptor potential (Fig. 3.25e). No such paired-pulse adaptation was observed when 
we disrupted CaM signaling with ophiobolin A (100 µM, 10 min pretreatment) (Fig. 
3.25f-h) (n = 9), confirming that this form of adaptation depends on CaM. To test for 
any nonspecific effects of ophiobolin A, we also used the CaM antagonist CALP2 (50 
µM) in single-cell experiments and found that CALP2 abolishes VSN adaptation as 
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well in a manner that is indistinguishable from the ophiobolin A effect (Fig. 3.25i-l) (n 
= 10). 
To test whether paired-pulse adaptation in current-clamped VSNs involves action 
potential-dependent Ca2+ entry through voltage-gated Ca2+ channels, we used 
current injection to bypass upstream second messenger signaling (Fig. 3.25m, n) (n 
= 13). No paired-pulse adaptation was observed under these conditions and neither 
ophiobolin A nor CALP2 treatment produced significant changes in number of spikes 
with current injection (Fig. 3.25l). Thus, paired-pulse VSN adaptation cannot be 
attributed to Ca2+ entry through voltage-gated Ca2+ channels in current-clamped 
VSNs. Together, the experiments of Figure 3.25 provide clear evidence for a role of 
Ca2+ entry and intracellular CaM signaling in VSN adaptation. 
 
3.3 Persistent sensory activity in the mouse vomeronasal organ 
Analyzing single-unit recodings from mitral/tufted cells of behaving, conscious male 
mice, Luo et al. reported in 2003 that second order neurons in the accessory 
olfactory bulb (AOB) showed sustained pattern of AP discharge during as well as 
after physical contact with conspecifics animals. The measurements revealed both 
slow activation and slow inactivation of individual mitral cell neurons. Two hypotheses 
could explain the observed phenomenon of missing temporal precision in AOB 
projection neurons. The first one takes into account that a) ligand-mediated activation 
of vomeronasal sensory neurons (VSNs) requires about 1 s (Holy et al., 2000) and 
that b) delivering water-soluble stimuli from the nose to the VNO takes about 2 to 3 s 
(Meredith, 1994). The prolonged excitation or inhibition of AOB neurons may reflect a 
slow process of clearing stimuli from the VNO. The other hypothesis assumes that 
these unusual temporal features are already existent in the periphery. This means 
that peripheral vomeronasal sensory neurons show persistent sensory activation by 
action potential firing although they are briefly stimulated and, thus, sensory input to 
the accessory olfactory bulb lacks temporal precision. 
In 2008, Jennifer Hauk worked as a graduate student in our laboratory. She 
investigated physiological aspects of chemosensory signaling in the mouse 
accessory olfactory system. In her diploma thesis, Jennifer Hauk showed a novel 
type of sustained responses in VSNs (Hauk, 2008). She performed Ca2+-imaging 
experiments to study response patterns in acutely dissociated VSNs. About 50 % of 
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dissociated vomeronasal sensory neurons showed sustained Ca2+-oscillations after 
brief application of urine as a natural pheromone source. Depletion of intracellular 
Ca2+-stores by thapsigargin or caffeine also induced Ca2+-oscillations in a subset of 
neurons. The general characteristics of the oscillations induced by these different 
stimuli are similar and all require the influx of extracellular Ca2+ (Hauk, 2008). Thus, 
we hypothesized that Ca2+-oscillations in VSNs might underlie a prolonged VSN 
output and activity in the accessory olfactory bulb.  
To further examine this phenomenon of sustained activity in VSNs, I combined patch-
clamp and Ca2+-imaging measurements. In current clamp experiments, the 
observation of persistent VSN action potential (AP) firing would provide a functional 
explanation for long-lasting firing patterns observed in AOB mitral cells, even after 
brief pheromonal stimulation. Such sustained activity transmitted to the AOB could, at 
least in part, provide a physiological basis for chemosensory memory. 
 
3.3.1 Firing parameters 
Before mechanistic questions can be addressed, initial experiments had to extend 
the present imaging data and firmly establish the existence of persistent sensory 
activation in VSNs on the level of sustained AP discharge. Therefore, I adjusted the 
experimental approach and used patch-clamp experiments to measure general firing 
parameters such as onset, frequency, and duration in VSNs. 
I used the current-clamp mode in VSN whole-cell recordings in acute VNO slices and 
injected a current of 0 – 5 pA to measure the cells at ‘near resting’ membrane 
potentials of about -75 mV. To induce persistent firing of action potentials I applied a 
complex stimulus (diluted male urine (1:100) and diluted female soiled bedding 
(1:100)) in a repetitive, prolonged pattern (Fig. 3.31a). The stimulation protocol was 
cut short when cells continuously generated action potentials already after the first or 
second pheromonal exposure. Action potential firing was then recorded in presence 
of S1 solution.  
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Figure 3.31: After the whole-cell configuration was established, the recording mode was switched to 
current-clamp. Cells were stimulated with male urine (1:100) and female soiled bedding (1:100) 
according to the protocol shown in (a). b-d, Representative original traces recorded in response to the 
above stimulus protocol (a). Horizontal bars indicate application time. Three neuronal populations 
could be distinguished: population 1 (101/128) did not show any action potential firing during 
stimulation (b), 27/128 VSNs generated action potentials during pheromonal exposure. 14 of these 
(population 2) responding cells ceased AP discharge after stimulation (c). The other responding cells 
(13/27; denoted as population 3) responded with an activity pattern that sustained after termination of 
pheromonal application (d). On expanded coordinates (square area), single action potentials become 
obvious. 
Based on their individual cellular response patterns, three populations of neurons 
could be distinguished (Fig. 3.31). 79 % (101/128) of all VSNs investigated did not 
respond to the stimulus mixture (Fig. 3.31b). A response to at least one of the three 
pheromonal applications was detected in 21 % (27/128) of the cells (Fig. 3.31c).  
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Apart from this ‘primary’ stimulus-induced response, 32.5 % (13/27) of the 
responding cells revealed persistent firing (Fig. 3.31d). On expanded coordinates 
(Fig. 3.31), 50 seconds of action potential firing is shown in a higher magnification so 
discrete action potentials become apparent. Criteria for defining ‘persistent activity’ 
included the absence of spontaneous activity prior to the first stimulus application, an 
average frequency of at least 0.6 Hz, a maximal frequency of at least 1 Hz, and 
duration of at least 100 s. The average duration of sustained activity after stimulus 
application was 538.33 ± 166.92 s, the mean average frequency was 1.86 ± 0.26 Hz, 
and the maximal frequency was 1.9 ± 0.35 Hz. Such sustained activity could be 
detected after different application times.  
 
Figure 3.32: Comparison of action potential (AP) properties between population 2 (n = 13) and 3 (n = 
12). Amplitude, half-width, 10-90 rise, rise50, 10-90 slope, decay and area do neither show any 
significant difference between populations nor as between APs recorded during or after stimulation. 
 
To compare action potential properties among responsive VSN populations, I 
analyzed instantaneous APs, i.e. discharge elicited immediately during the first 
pheromonal stimulation (5 s), in those cells that later showed sustained activity 
(population 3; n = 13), as compared to APs observed during sustained firing (100 s 
after last pheromonal exposure; population 3; n = 13), as compared to instantaneous 
APs elicited in cells that did not display sustained activity after the stimulation 
(population 2; n = 12) (Fig. 3.32). There was no significant difference in a variety of 
different parameters such as amplitude, half-width, 10-90 rise (the interpolated time 
between 10 % and 90 % of the peak amplitude during the rising phase), rise50 (time 
between AP onset and half-maximal amplitude), 10-90 slope (slope (in mV/ms) 
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measured between 10 % and 90 % of the peak amplitude during the rising phase), 
decay (time between 90 % and 37 % of the peak amplitude during the decay) and 
area (integral of the trace with respect to the average baseline). 
 
3.3.2 Thapsigargin-induced sustained activity 
Jennifer Hauk’s experiments demonstrated that Ca2+-oscillations can also be induced 
by pharmacological depletion of intracellular Ca2+-stores. To validate these data, I 
performed current-clamp experiments and added thapsigargin (3 µM) to the pipette 
solution. Thapsigargin is a sesquiterpene lactone from the plant Thapsia garganica. 
This drug inhibits the sarco- and endoplasmic reticulum Ca2+-ATPase (SERCA). The 
emptying of intracellular calcium stores is a consequence of inhibiting the uptake 
pathway which leads to a slow increase in cytosolic Ca2+ due to Ca2+ leak. 
Thapsigargin binding to SERCA pumps is irreversible and can define and modulate 
the intracellular Ca2+ concentration (Lytton et al., 1991).  
 
 
 
 
Figure 3.33: After whole-cell configuration was established, recording mode was switched to current-
clamp. Cells were exposed to thapsigargin (3 µM) via diffusion from the pipette solution. a-b, 
Representative original traces recorded during drug stimulation. Two populations of cells could be 
distinguished: In the first population (39/55), the drug did not show any effect (a). The second 
population (16/55) responded with sustained action potential firing (b). On expanded coordinates 
(square area), single action potentials become obvious. 
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Neurons incubated with intracellular thapsigargin exhibited two different response 
patterns. One VSN population (71 %; 39/55) did not show any drug-induced effects 
during 10 min recordings (Fig. 3.33a), whereas 29 % of the cells (second population; 
16/55) began to exhibit sustained activity (Fig. 3.33b). 50 seconds of action potential 
firing is shown on expanded coordinates (Fig. 3.33). Here, discrete action potentials 
become apparent. Criteria for persistent activity included the absence of spontaneous 
activity before the first application, an average frequency of at least 0.6 Hz, a 
maximal frequency of at least 1 Hz, and duration of at least 100 s. 
In control experiments, thapsigargin-free pipette solution was used and VSN 
membrane potential was recorded for 10 min. Without any stimulation by 
pharmacological tools (thapsigargin) or natural stimuli (urine), 6 of 35 cells displayed 
spontaneous activity with properties similar to sustained responses induced by urine 
or thapsigargin.  
Neurons activated by thapsigargin exhibited no obvious differences in AP discharge 
compared to VSNs responding to urine. Thus, the same mechanism may underlie the 
phenomenon of sustained activity induced by either urine or thapsigargin. 
 
3.3.3 Correlation of action potential firing and Ca2+-oscillations  
Both Ca2+-imaging and current-clamp experiments revealed sustained activity in a 
subset of cells in response to both, pheromonal stimuli and thapsigargin. Thus, I 
combined both methods to investigate whether persistent action potential firing and 
Ca2+-oscillations can be induced by the same stimulation protocol. I performed 
whole-cell measurements in the current-clamp mode and simultaneously loaded the 
cells with Fluo-4 via the patch-pipette (intracellular solution; I2). With this method, I 
was able to simultaneously measure the membrane potential as well as the Ca2+ 
concentration changes. 
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Figure 3.34: Examples of current-clamp recordings combined with confocal Ca2+-imaging during 
thapsigargin (3 µM) stimulation. Neurons were infused with Fluo-4 and thapsigargin via the pipette 
solution. a, Representative original membrane potential trace. b, Representative original confocal 
Ca2+-imaging trace (RI; relative intensity). 
 
Parallel current-clamp and Ca2+-imaging recordings in presence of thapsigargin 
showed simultaneous action potential firing and Ca2+-oscillations (Fig. 3.34; n = 
13/41). There is a clear correlation between action potential discharge and 
intracellular Ca2+ transients. Using this combined method, however, I frequently 
detected action potentials that showed a prolonged depolarization plateau at about -
40 mV which was never observed in current-clamp experiments without parallel Ca2+-
imaging recordings. These ‘plateau’ action potentials might stem from the distinct 
intracellular solution (I2) used in Ca2+-imaging measurements. As Fluo-4 is a Ca2+ 
chelator used to detect intracellular Ca2+ transients, the pipette solution was prepared 
without adding either Ca2+ salts or an additional Ca2+ chelator such as EGTA. This 
allowed for measuring the intracellular Ca2+ changes, but, at the same time, the Ca2+ 
buffer capacity of the intracellular solution is changed. Therefore, no defined 
intracellular Ca2+ level is established during experiments. In sole patch-clamp 
experiments the intracellular Ca2+ concentration was buffered to 110 nM, thus the 
Ca2+ concentration did not change under these conditions. To further examine this 
phenomenon, follow-up experiments using different intracellular Ca2+ concentrations 
have to be done in the future. 
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3.3.4 Thapsigargin induces a shift in Ca2+-currents 
The experiments outlined above showed that thapsigargin application can result in 
persistent action potential firing in vomeronasal sensory neurons. To analyze which 
ion channels might be involved in this mechanism, I performed voltage-clamp 
experiments using thapsigargin (3 µM) added to the pipette solution. Intra- (I3) and 
extracellular (S5) solutions contained tetraethylammonium (TEA), Cs+ and 
tetrodotoxin (TTX) to inhibit Na+- and K+-channels. To increase the ion flux through 
Ca2+-channels, Ca2+ ions were replaced by Ba2+ ions. I used ramp protocols (100 
sweeps; 5 s interval; Fig. 3.35b) to activate voltage-dependent Ca2+ channels. The 
activity of voltage-gated Ca2+ channels decreases with time in whole-cell recordings 
(rundown effect) because of the wash out of intracellular components via exchange 
of intracellular and pipette solution. As we intended to investigate the effect of 
thapsigargin stimulation independent of background Ca2+-currents, an average 
rundown factor was calculated to compute and correct for such ‘background currents’ 
offline. To determine the rundown factor, individual sweeps were normalized with the 
average amplitude difference between consecutive sweeps representing the 
rundown factor (0.98; see Materials and Methods). Applying the rundown factor, I 
computed a current waveform representing control conditions for every sweep.  
 
 
 
Figure 3.35: Voltage-dependent Ca2+-currents recorded during voltage-ramp recordings after 
stimulation with thapsigargin (3 µM). a, b, Representative original traces of ramp protocols (100 
sweeps; 5 s interval) with isolated Ca2+-currents. Traces are corrected by the rundown factor (0.98). 
Two populations of cells could be distinguished: in population 1 (8/17) thapsigargin induces a shift in 
Ca2+-current (a) The development of this current can be seen in different sweeps (red: 50 s; blue: 85 s; 
green: 165 s; orange: 275 s; black: 500 s) whereas the second population did not show any shift in 
current (b) (red: 50 s; blue: 160 s; green: 265 s; orange: 290 s; black: 500 s). 
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In control experiments without thapsigargin in the pipette solution, we never observed 
a current distinct from original Ca2+-current traces that gradually decreased in 
amplitude (0/13) (Fig. 3.35b). In cells stimulated with thapsigargin, I could observe an 
additional Ca2+-current (Fig. 3.35a) in 47 % of cells (8/17) that developed over time 
and showed distinct voltage-dependent kinetics. This distinct Ca2+-current activates 
at 162.85 ± 31.95 s after break-in, lasts for 145.00 ± 23.15 s, and displays maximal 
amplitudes of -393.56 ± 99.21 pA. To further investigate the characteristics of this 
involved ion channel, experiments with different drugs and ionic conditions have to 
be performed in the future. Such studies, however, are beyond the scope of this 
present work. 
 
3.3.5 Inhibition of urine-induced sustained activity 
Ca2+-imaging experiments showed that, after brief stimulation with urine or 
thapsigargin, about 50 % of acutely dissociated VSNs respond with Ca2+-oscillations 
in a long lasting manner (Hauk, 2008). These oscillations depend on the presence of 
extracellular Ca2+ and are thus, at least in part, generated by Ca2+ channels in the 
plasma membrane. To identify the involved Ca2+ channel subtypes, we used Ca2+-
imaging on dissociated VSNs with selective blockers for different channel types. In 
neurons, different Ca2+ channel subunits are expressed. These ion channels can be 
discriminated using different toxins. In an initial set of experiments, we applied both 
mibefradil which acts as a specific T-type channel inhibitor and nimodipine which 
blocks L-type channels.  
Acutely dissociated VSNs were first stimulated with a solution containing a high 
extracellular K+ concentration (40 mM) to depolarize the cell, unspecifically activate 
voltage-gated Ca2+ channels, and, thereby, examine the stability of the membrane 
potential and the vitality of the cell. 
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Figure 3.36: Representative original recordings of Ca2+ signals in dissociated VSNs. The integrated 
fluorescence ratio (f340/f380) in a user-defined region of interest is depicted as a function of time. 
VSNs are stimulated with high potassium (40 mM) and urine (1:100). Bars over traces show 
application time. Traces of soma and knob of the same cell are shown in comparison. a, VSN is 
stimulated with high potassium and urine. After urine exposure Ca2+-oscillations can be detected 
(60/241). b, Cell shows Ca2+-oscillations after urine stimulation. At minute 5 mibefradil (10 µM) is 
applied for additional 5 minutes. The cell still responds with Ca2+-oscillations (6/6). c, VSN showing 
Ca2+-oscillations is treated with nimodipine (5 µM). Directly after drug application Ca2+-oscillations are 
vanished, but after blocker treatment termination the cell is still able to respond to urine (13/13). 
 Results 
83 
 
Next, cells were exposed to diluted urine (1:100) as a natural pheromonal source. 
Depending on their individual response profiles, cells could be divided into four 
different groups: cells showing no response (31 %; 76/241; population 1), cells 
responding only to K+-mediated depolarization (34 %; 82/241; population 2), and 
cells additionally stimulated by diluted urine (35 %; 85/241; population 3). In addition 
to a transient Ca2+ response, 70 % of population 3 cells (60/85) displayed lasting 
Ca2+-oscillations after urine exposure. A representative trace of a cell showing Ca2+-
oscillations is displayed in figure 3.36a. The relative cytosolic Ca2+ concentration is 
plotted over time for both the soma and the knob, respectively. The oscillations are 
more prominent in the soma. Cells that did not respond to high K+ solution were 
deleted from further analysis because these cells likely did not maintain an intact 
membrane potential. 
To selectively block T-type Ca2+ channels, mibefradil (10 µM) was applied after five 
minutes for a five minute period, provided cells initiated Ca2+-oscillations. All cells 
investigated (6/6) still generated Ca2+-oscillations during pharmacological treatment 
(Fig. 3.36b). Therefore, T-type Ca2+ channels can be excluded from the list of 
candidates that are involved in Ca2+-oscillations. 
Nimodipine (5 µM) selectively blocks L-type Ca2+ channels and was applied in the 
same pattern as mibefradil. All cells that showed oscillations and were incubated with 
nimodipine (13/13) ceased Ca2+ signaling immediately after drug application (Fig. 
3.36c). Thus, L-type Ca2+ channels are essential for the generation of Ca2+-
oscillations in VSNs after brief exposure to natural ligands.  
Further experiments will aim to isolate the identity of the voltage-dependent Ca2+ 
channel isoforms involved in Ca2+-oscillations. 
 
3.3.6 Inhibition of thapsigargin-induced sustained activity 
As pharmacological Ca2+-imaging experiments revealed a role of L-type Ca2+ 
channels in the generation of stimulus-dependent Ca2+-oscillations, I performed 
analog current-clamp experiments using the L-type selective blocker nimodipine (5 
µM). The drug was applied to cells that showed persistent firing mediated via 
thapsigargin (3 µM) in the pipette solution (as described in 3.3.2).  
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Figure 3.37: After whole-cell configuration was established, recording mode was switched to current-
clamp. Cells were stimulated with thapsigargin (3 µM) via pipette solution. a-b, Representative original 
traces recorded during drug exchange via diffusion. Both cells showed persistent firing before 
nimodipine (5 µM) was applied. a, Immediately after drug application the generation of action 
potentials was blocked (n = 1/2). b, This cell did not stop firing action potential during nimodipine 
application (n = 1/2). 
 
The results of these experiments are inconclusive. Two cells showing persistent 
action potential firing were incubated with nimodipine (Fig. 3.37). One cell stopped 
persistent firing shortly after drug exposure (Fig. 3.37a), whereas the other cell did 
not stop generating action potentials even during 150 sec blocker application (Fig. 
3.37b). 
For drawing a definite conclusion on the potential role of L-type Ca2+ channels in 
sustained activity, more VSNs will have to be investigated in future experiments. 
 
3.3.7 Sustained activity in TRPM4/TRPM5 knock-out animals 
The performed experiments showed an involvement of voltage-gated Ca2+ channels 
but could not give a clear hint at the channel isoform that generates sustained 
activity. Preliminary data from our collaboration partner Prof. Frank Zufall (Saarland 
University, Homburg, Germany) showed that persistent firing is sensitive to the drug 
spermine that blocks some TRP channels (Nilius et al., 2004). The mammalian 
melastatin-related receptor potential (TRPM) subfamily contains eight members 
(Harteneck, 2005; Kraft and Harteneck, 2005).  
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TRPM4 and TRPM5 both form calcium-activated nonvalent cation channels that are 
Ca2+ impermeable, but influence the cellular Ca2+ entry by modulation of the 
membrane potential. TRPM5 is reported to be expressed in a subset of cells in the 
main olfactory epithelium (MOE; Lin et al., 2007; 2008a,b; Hansen and Finger, 2008) 
as well as in the vomeronasal organ (VNO; Kaske et al., 2007). TRPM4 is also 
shown to be expressed in vomeronasal sensory neurons and might assemble with 
TRPM5 to form heteromultimeric channels (Kaske et al., 2007). The physiological 
relevance of TRPM5 and TRPM4 expression in the VNO remains to be clarified. 
Thus, we hypothesize that TRPM5 and/or TRPM4 might be involved in the persistent 
firing mechanism. 
 
Figure 3.38: After whole-cell configuration was established, recording mode was switched to current-
clamp. TRPM4/TRPM5 double knock-out animals were used for these recordings. Cells were 
stimulated with male urine (1:100) and female soiled bedding (1:100) in a pattern shown in (a). b-d, 
Representative original traces recorded in response to the stimulation paradigm shown in (a). 
Horizontal bars indicate application time. Three neuronal populations could be distinguished: 
population 1 (28/31) did not show any action potential firing during stimulation (b), population 2 (3/31) 
generated action potentials during pheromonal exposure (c) and population 3 (1/3) responded in a 
sustained activity pattern even after stop of pheromonal application (d). 
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To test our hypothesis, I performed current-clamp experiments with mutant mice 
deficient for the genes encoding TRPM4 and TRPM5 channel subunits (TRPM4--
/TRPM5--). I used the same stimulation protocol as described for experiments with 
wild type mice (Fig. 3.38a). Recordings lasted for at least 10 minutes. Similar to 
results obtained from wild type animals, I could observe three different response 
patterns in double knock-out mutant mice. 83.5 % (28/31) of cells did not show action 
potentials upon stimulation (Fig. 3.38b). Only 6.5 % (3/31) of cells responded by firing 
action potentials (Fig. 3.38c), whereas one of these three VSNs (33.33 %) showed 
sustained activity (Fig. 3.38d). In this cell the action potential properties like 
amplitude, half-width, 10-90 rise, rise50, 10-90 slope, decay and area were similar to 
those observed in wildtype animals. While TRM4-- / TRM5-- mice did not display a 
significant difference in persistent AP discharge, they showed a decreased number of 
cells that respond to pheromonal stimuli at all.  
Performing the same experiments with littermate controls expressing TRPM4 and 
TRPM5 genes, I also observed a decreased sensibility to pheromonal exposure (8.3 
%; 1/12). 
These data indicate that TRPM4 and/or TRPM5 channels are likely not critical for 
generating long-lasting responses to brief stimuli. Furthermore, recordings with 
control animals (littermates) disprove an involvement of TRPM4 and/or TRPM5 
channels in primary signaling to brief pheromonal exposure. 
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4. Discussion 
 
In many vertebrates, the accessory olfactory system plays a critical role in the 
regulation of social and reproductive behaviors. However, many physiological 
mechanisms underlying sensory signaling in VSNs remain unclear. Therefore, my 
research centered on the molecular and cellular basis of conspecific social 
communication mediated by peripheral neurons in the vomeronasal organ. 
Specifically, I focused on three different aspects involved in vomeronasal 
transduction pathways: activity-dependent genexpression, adaptation mechanisms, 
and specific output patterns. I could show that the ether-à-go-go related gene 
potassium channel is expressed in basal VSNs, showing expression in an activity-
dependent manner. The ERG ion channel is involved in action potential discharge. In 
addition, my experiments revealed that Ca2+-CaM mediates a negative feedback on 
pheromone detection. In my third aspect, I investigated a specific output pattern of 
VSNs showing persistent activity after brief pheromonal stimulation. 
 
4.1 Homeostatic control of sensory output in basal vomeronasal neurons: 
activity-dependent expression of ether-à-go-go related gene potassium 
channels 
I show here that basal vomeronasal neurons display a previously unrecognized form 
of homeostatic plasticity by regulating the expression level of ERG K+ channels in an 
activity-dependent manner. These channels emerge as important determinants of 
VSN excitability and, thus, of sensory gain control in the periphery of the accessory 
olfactory system. 
 
4.1.1 ERG expression provides basal VSNs with a distinct biophysical signature 
Based on their unconventional gating and distinct pharmacological properties, ERG 
proteins form a unique subfamily of K+ channels. hERG, the founding family member 
in mammals, has been intensely investigated because of the severe cardiac 
phenotype caused by channel mutations (LQTS2). In neurons, however, ERG 
channel physiology is poorly understood (Sanguinetti and Tristani-Firouzi, 2006) and 
so far functional ERG channels in sensory organs have only be described in 
horizontal cells of the mammalian retina (Feigenspan et al., 2009) and type I hair 
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cells in the inner ear (Hurley et al., 2006; Nie et al., 2005). All three ERG channel 
subunits are also expressed in the brain (Guasti et al., 2005; Papa et al., 2003; 
Saganich et al., 2001). In mitral cells of the olfactory bulb, intense expression of 
ERG1a, ERG1b, ERG2, and ERG3 is demonstrated (Guasti et al., 2005; Hirdes et 
al., 2009). Using immunochemistry, we show that both ERG1 isoforms, ERG3 and 
the auxiliary β-subunit MiRP2 are coexpressed in basal VSNs (Fig. 3.6 and 3.7). 
Although the zonal boundary in the VNO is rather diffuse, this layer specificity is 
derived from overlapping expression of members of the V2R2 receptor subfamily 
which are expressed by most basal VSNs (Martini et al., 2001). In addition, 
essentially no colocalization is observed with PDE4A, a marker of apical V1R-
expressing neurons. These results are corroborated by immunostainings of VSNs 
that were fluorescently labeled during electrophysiological recordings (Fig. 3.18). In 
addition to VSNs, the vomeronasal sensory epithelium is composed of sustentacular 
and basal cells which, theoretically, could also express ERG channels. In OMP-GFP 
mice, we demonstrate that immunopositive staining exclusively colocalizes with GFP 
fluorescence, thus, ruling out nonneuronal ERG expression in the sensory epithelium 
(Fig. 3.6 and 3.7). As previously reported for ERG channels in brain neurons (Guasti 
et al., 2005), ERG3 and MiRP2 expression were largely confined to the somata of 
VSNs, whereas ERG1 staining was also found in the dendritic tips and, to a minor 
extend, along the dendrite (Fig. 3.10). The overlapping expression suggests that 
currents could be determined, at least in part, by heteromeric ERG channels 
(Wimmers et al., 2001), potentially forming complexes with pluripotent modulatory 
MiRP2 β-subunits (McCrossan et al., 2003; Schroeder et al., 2000). As shown by 
immunoblotting, both ERG1 protein isoforms are found in the VNO (Fig. 3.3). The 
exclusive staining of basal VSNs suggests that both splice variants are coexpressed 
in a given cell and potentially coassemble in heteromeric complexes. Such 
coassembly has been shown in the mouse brain and heart (Guasti et al., 2005). We 
can neither rule out, however, that ERG1a and ERG1b are selectively expressed in 
different groups of basal VSNs, nor can we exclude that segregated expression 
occurs in different compartments of the same neuron.  
To address the functional implications of ERG channel expression in the VNO, 
targeted gene disruption represents one possible strategy. However, homozygous 
ERG1-deficient mice die early in development (Nerbonne et al., 2001; Salama and 
London, 2007). We therefore used a pharmacological approach to study the 
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biophysical properties of ERG channels in the VNO. Given the fundamental role of 
hERG in cardiac pathophysiology, the pharmacological profile of ERG channels has 
been intensely scrutinized (Sanguinetti and Tristani-Firouzi, 2006). Here, we utilized 
the antiarrhythmic drug E-4031, the most commonly employed agent to isolate ERG-
mediated currents (Schwarz and Bauer, 2004), as well as the two unrelated peptide 
toxins ErgTx-1 and rBeKm-1. For E-4031, ERG selectivity results from high affinity 
binding to two inner pore aromatic residues that are substituted in other K+ channels. 
ErgTx-1 also interacts with residues of the inner pore of ERG1-3 and, at the 
concentration used in our study (100 nM), does not affect other K+ channels including 
members of the closely related EAG family. rBeKm-1 shares no homology with 
ErgTx-1, acts as a closed channel blocker, and can be utilized to discriminate 
between ERG1 (IC50 ~3 nM) and ERG3 (IC50 ~1 μM; Korolkova et al., 2001; Restano-
Cassulini et al., 2006). All inhibitors effectively isolated ERG-mediated currents from 
basal VSNs (Fig. 3.12, 3.14, and 3.15). With very few exceptions, E-4031 and ErgTx-
1 did not display significant differences in inhibition potency, whereas rBeKm-1 at 100 
nM - sufficient to selectively block ERG1 - isolated substantial, though significantly 
smaller currents (Fig. 3.17). Moreover, rBeKm-1-derived activation and inactivation 
curves exhibited considerably larger slope factors. These results suggest that a large 
fraction of vomeronasal ERG current depends on functional ERG1 channels, either 
as homomers or crucial subunits of heteromeric channels. In several kinetic aspects, 
vomeronasal ERG channels differ from heterologously expressed channels. While 
the activation time constant of 194 ms was similar to values reported for recombinant 
rERG channels (τact = 95 ms (rERG3) to 215/123 ms (rERG1a/rERG1b); Hirdes et al., 
2005), 5 ms depolarizations already induced considerable currents. Effective channel 
activation, however, requires substantial depolarization. We observed half-maximal 
activation at prepulse potentials of -13.8 mV (E-4031) and -7.1 mV (ErgTx-1), 
respectively. Similar V1/2 values were reported for recombinant ERG1 (Hirdes et al., 
2004; Lees-Miller et al., 1997; Schoenherr et al., 1999; Sturm et al., 2005), whereas 
more negative V1/2 potentials were described for ERG3 (-54 mV (Hirdes et al., 2005); 
-47.8 mV (Restano-Cassulini et al., 2006); -45.1 mV (Sturm et al., 2005)). 
Vomeronasal ERG currents showed half-maximal recovery from inactivation upon 
repolarization to about -60 mV and deactivated considerably faster than recombinant 
channels (Sturm et al., 2005; Tseng, 2001; Wimmers et al., 2002). Accelerated 
deactivation has also been observed for other endogenous mouse ERG currents 
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(McKay and Huizinga, 2006; Yeung and Greenwood, 2007) or recombinant ERG1b 
(Lees-Miller et al., 1997). In general, ERG1b and ERG3 deactivate much faster than 
ERG1a and ERG2 (Hirdes et al., 2005; Lees-Miller et al., 1997). In addition, there are 
significant species variations in τdeact (Tseng, 2001). Assuming that VSN subunits 
form heteromeric channels, activation and deactivation will be dominated by the 
faster subunit(s) (Wimmers et al., 2001; 2002). Another characteristic will also be 
dependent on subunit assembly, i.e. inward rectification. For ERG3, slow inactivation 
creates a substantial steady-state current, resulting in weak inward rectification 
(Wimmers et al., 2002). The steady-state outward current during depolarization is 
therefore likely ERG3-dependent. In principle, the differences between vomeronasal 
and heterologously expressed channels could not only result from heteromerization 
and potential interaction with auxiliary β-subunits, but also from other cellular 
processes such as phosphorylation, Ca2+-dependent channel modulation, or lipid 
interaction. Given the regulated coexpression of MiRP2, however, it is tempting to 
speculate that this pluripotent modulator of K+ channels - including hERG - 
coassembles with vomeronasal ERG channels, thus, altering their gating. 
Together, the channel properties observed in basal VSNs are well suited to shape AP 
discharge. VSN spikes display large overshoot and last considerably longer than 
typical APs in central neurons (Sacco et al., 2003; Uhkanov et al., 2007), thus, 
providing the depolarization level and time course required for channel activation. By 
contrast, fast deactivation and negligible steady-state ‘window’ current at membrane 
potentials around Vrest argue against a role of ERG channels in VSN resting potential 
maintenance. Recently, in M/T cells of the mouse olfactory bulb, ERG expression 
was demonstrated (Hirdes et al., 2009). In these cells, the current is probably 
mediated by heteromultimeric ERG channels with ERG1a, ERG1b, ERG2, and ERG3 
as subunit candidates. Blockade of ERG channels can directly influence electrical 
activity, resulting in membrane depolarization, and in spontaneously active cells 
(Hirdes et al., 2009). 
 
4.1.2 Fast ERG-mediated K+ currents contribute to AP repolarization in basal VSNs 
Pheromonal information is translated by peripheral chemosensory neurons into 
specific discharge patterns. The VSN output parameter space is multidimensional, 
i.e. information can be encoded by discharge duration (temporal coding), frequency 
(rate coding), or both. These parameters are dictated by the AP duration, shape, and 
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associated refractory period and are, thus, set by the individual currents contributing 
to an AP. We dissected this 'internal anatomy' (Bean, 2007) of basal VSN spikes 
using the AP clamp technique (Fig. 3.20). As postulated from the biophysical 
signature of vomeronasal ERG channels, we isolated an E-4031-sensitive K+ current 
maximally activated during the late phase of repolarization. This current deactivated 
with an average time constant of 17.9 ± 4.3 ms, close to the τdeact value we obtained 
upon step repolarization to -60 mV (21.5 ± 2.6 ms). Amplitudes varied as a function 
of interspike interval at frequencies ≥ 7 Hz, showing larger currents at shorter 
interspike episodes. Theoretically, this could just reflect channel desensitization 
during the initial phase (~1 s) of spiking. However, when prerecorded APs with 
smaller, though increasing interspike intervals (55 – 135 ms) were applied as the 
command voltage, amplitudes decreased with prolonged intervals throughout the 
recording (Fig. 3.20). We, therefore, conclude that, at high-frequency discharge, 
incomplete interspike deactivation can lead to current accumulation. Similar 
observations have been reported by other groups (Chiesa et al., 1997; Sacco et al., 
2003). Recently, accumulation of recombinant ERG1 and ERG3 currents was shown 
already during short simulated AP bursts (6 ms duration, 20 ms intervals; Sturm et 
al., 2005). Basal VSNs display frequency saturation at ~25 Hz (this study (Fig 3.21 
and Fig. 3.22); Uhkanov et al., 2007). Thus, minimum intervals of ~40 ms and fast 
deactivation set a limit for maximum ERG current accumulation. 
How important are ERG currents for a stable input-output relationship? VSNs are 
remarkably sensitive to current injection, with a few picoamperes leading to repetitive 
firing (Liman and Corey, 1996; Shimazaki et al., 2006; Ukhanov et al., 2007). Yet, 
sensory stimulation by pheromonal cues can induce receptor currents of up to tens of 
picoamperes (this study (Fig 3.20); Inamura and Kashiwayanagi, 2000). In addition, 
the constricted space of the VNO lumen and the putatively slow exchange of external 
chemicals likely result in a prolonged presence of pheromonal stimuli. Therefore, 
VSNs need to faithfully integrate prolonged sensory input of variable magnitude. In 
our study, we designed an injection profile that mimics endogenous receptor 
currents. When basal VSNs were stimulated for extended periods of time, AP output 
changed dramatically after ERG channel inhibition. During the initial phase of high 
amplitude current injection, VSNs frequently ceased firing after one or a few initial 
spikes. More importantly, such impaired AP discharge was similarly observed in 
VSNs of stimulus-deprived animals. Constant current injections of increasing 
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amplitude confirmed that ERG currents provide a critical repolarizing conductance at 
intermediate to high levels of stimulation. We thus conclude that, by ensuring 
repolarization sufficient to relieve Na+ channels from inactivation, ERG currents 
extend the dynamic response range of basal VSNs. 
 
4.1.3 Regulated ERG expression provides a mechanism for homeostatic control of 
the VSN input-output relationship 
Neurons display a non-synaptic form of homeostatic plasticity, characterized by 
compensatory feedback mechanisms that reestablish set point functionality in 
response to altered sensory input (Davis, 2006; Turrigiano, 1999). Output stability 
within optimal firing rate limits is achieved by modulating ion channel density, 
distribution, or function. Thus, de novo ion channel synthesis is frequently regulated 
to gradually restore firing properties on a longer time scale. Experimentally, 
compensatory feedback is frequently induced by chronic activity deprivation over a 
longer time scale (hours to days (Davis, 2006)). This concept provided the temporal 
framework for investigating the consequences of stimulus deprivation in the mouse 
VNO. 
How can differences in sensory input trigger changes in gene transcription? Current 
models for central neurons propose a key role of intracellular Ca2+ as a signal well 
correlated with neuronal activity (Turrigiano, 1999). Various steps in gene expression 
are Ca2+-regulated. In VSNs, sensory responses to pheromonal stimuli induce robust 
Ca2+ transients in the cell somata (Chamero et al., 2007; Leinders-Zufall et al., 2000; 
Spehr et al., 2002). Ca2+ accumulation during periods of high sensory activity or, by 
contrast, the lack of such signals during stimulus deprivation could readily control ion 
channel transcription levels in the VNO. 
In the present study, we focused on activity-dependent changes in K+ channel 
expression since these ubiquitous determinants of neuronal output characteristics 
have been frequently implicated in homeostatic compensation (Davis, 2006). Initially, 
we performed microarray analyses to achieve a genetic high-throughput (Table 3.1). 
As compared to data obtained e.g. in cancer expression profiling, we observed 
relatively low expression changes. In brain tissue microarray experiments, however, 
similarly low changes even for strongly regulated genes are rather the rule than the 
exception (Mirnics, 2001). Changes are especially difficult to separate from 
experimental noise if only subpopulations of neurons express the target gene 
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(Mirnics and Pevsner, 2004). The small, though highly significant changes we 
detected for ERG1 and MiRP2 are therefore not surprising. 
Our conservative approach to data analysis (see Materials and Methods) might 
however mask some ‘biologically true’ expression changes. Thus, caution should be 
exerted when interpreting the lack of differential expression. 
Microarray findings have to be confirmed on the molecular level. We first performed 
RT-PCR to corroborate vomeronasal expression of ERG1-3 and MiRP2 (Fig. 3.2). 
Since there is no simple quantitative correlation between gene transcription and 
protein translation (e.g., compare ERG2 microarray and RT-PCR data with 
immunochemistry results), microarray results have to be confirmed on the protein 
level. Although a positive correlation between mRNA and protein levels is frequently 
observed, several studies have shown no or even a negative correlation, resulting 
from different mechanisms and pathways (with separate time constants) that 
independently govern transcription and translation (Lewandowski and Small, 2005). 
We, therefore, examined changes in ERG1a, ERG1b, and MiRP2 expression by 
immunoblotting (Fig. 3.4). Our results provide strong evidence for an effective 
activity-dependent regulation of both ERG1 isoforms as well as MiRP2. Although we 
refer to an increased expression level of ERG channels and a decreased expression 
level of MiRP2 upon stimulation in this study, we cannot exclude that this protein 
expression level correlates to control conditions. If so, our observations actually 
represent a down-regulation of ERG channel expression and an up-regulation of 
MiRP expression upon odor-deprivation. 
However, given that stimulation was based on chemically complex sources of social 
cues (both volatile and nonvolatile), it appears likely that further expression changes, 
beyond the scope of this study, could have occurred in both basal and apical 
neurons. 
Stimulus-dependent protein expression of Na+ and Ca2+ channels was not 
investigated in this study. Changes in Na+ channel expression might lead to changes 
in the intrinsic electrical properties and the synaptic input-output relationships of 
VSNs. Ca2+, a key molecule in a variety of cellular signaling cascades, including the 
activation of Ca2+-dependent enzymes, initiation of gene transcription, and the 
release of neurotransmitters from presynaptic sites, is regulated via Ca2+ channels. 
These channels might also be regulated in an activity-dependent fashion, thereby 
changing the input-output relationship of VSNs. Therefore, the potential regulation of 
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these ion channels in VSNs is a highly interesting line of research that will be 
investigated in the future. 
 
A key issue in interpreting ERG expression data is to resolve whether expression 
changes are reflected in VSN physiology. In electrophysiological recordings, we find 
significantly reduced ERG currents in VSNs from stimulus-deprived mice, 
accompanied by defects in adequate AP output in response to medium-to-high 
stimulation levels (Fig. 3.19). Together, the combination of microarray profiling, 
immunoblotting and patch-clamp recordings supports the concept that, by increasing 
ERG expression (and potentially by down-regulation of MiRP2) during periods of 
increased pheromonal stimulation, basal VSNs extend their dynamic firing range to 
(re)establish a meaningful sensory output. Probably, homeostatic plasticity is not only 
confined to the basal layer, but also occurs in apical VSNs. Other voltage-gated ion 
channels may be expressed stimulus-dependent in this layer. If so, the firing range of 
apical VSNs could also be adjusted to ensure a highly dynamic sensory output.  
 
4.2 Ca2+-calmodulin feedback mediates sensory adaptation and inhibits 
pheromone-sensitive ion channels in the vomeronasal organ 
The mouse VNO has generated considerable interest as a model system for 
investigating the regulation of innate or learned social behaviors (Brennan and Zufall, 
2006). Understanding the detailed dynamics of sensory responses in VSNs is, 
therefore, essential for deciphering the precise neural code of VNO signaling. 
Combined electrophysiological recording of second messenger-evoked ionic currents 
in excised inside-out membrane patches from VSN dendritic knobs, pheromone-
evoked currents and membrane potentials from individual VSNs in VNO tissue slices, 
and synchronized population responses in intact VNO epithelia provided insight into 
the role of stimulus-induced intracellular Ca2+ elevation as a feedback regulator of 
VSN signaling. Several main findings emerge from this work: (1) the demonstration 
that VSNs undergo sensory adaptation; (2) the finding that VSN adaptation depends 
on negative feedback signaling by Ca2+ which enters the cell through transduction 
channels but not voltage-activated Ca2+ channels; (3) the demonstration that 
adaptation is required for modulation of responsivity and sensitivity of stimulus-
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evoked VSN responses and alters the information transmitted to the brain; (4) the 
result that activated CaM is required for these effects; and (5) the demonstration that 
pheromone-sensitive TRPC2-dependent cation channels are inhibited by Ca2+–CaM 
and thus provide a substantial target for a Ca2+–CaM-mediated negative feedback 
loop.  
 
4.2.1 Modulation of diacylglycerol-sensitive cation channels by Ca2+–CaM 
Ca2+-mediated feedback loops provide important regulatory elements for shaping 
cellular-signaling responses in space and time (Brandman and Meyer, 2008). In 
VSNs, receptor activation by a variety of chemosensory ligands generates a transient 
elevation of intracellular Ca2+ that begins in the VSN microvilli and then propagates 
toward the cell soma (Leinders-Zufall et al., 2000; Cinelli et al., 2002; Spehr et al., 
2002; Leinders-Zufall et al., 2004; Chamero et al., 2007; He et al., 2008). Such Ca2+ 
transients are known to depend primarily on Ca2+ entry through Ca2+-permeable, 
TRPC2-dependent cation channels (Lucas et al., 2003; Zufall et al., 2005), although 
the possibility that a secondary Ca2+ release from intracellular stores, as in OSNs 
(Zufall et al., 2000; Kwon et al., 2009), contributes to Ca2+ signaling remains to be 
tested. The present study identifies native TRPC2-dependent channels as a target for 
negative feedback regulation by elevated intracellular Ca2+. The inhibitory effect of 
Ca2+ on the pheromone-sensitive channels involves the ubiquitous Ca2+ sensor CaM: 
Ca2+– CaM, but not Ca2+ or CaM applied alone, down-regulates channel activation 
(Fig. 3.25). This modulatory action of Ca2+–CaM most likely reflects a direct effect on 
channel gating, since it occurs in the absence of added ATP or GTP, can be 
abolished by specific CaM inhibitors, and does not require activity of CaM kinase II 
(Fig. 3.28). To support a functional role of CaM in primary signal transduction of 
VSNs, we show that CaM colocalizes with TRPC2 in VSN microvilli (Fig. 3.26). 
 
4.2.2 Time-dependent adaptation of sensory responses in VSNs 
Inhibition of the TRPC2-dependent channels by Ca2+–CaM offers a powerful 
mechanism for feedback regulation of pheromone sensitivity in the VNO. We provide 
evidence that pheromone-evoked field potentials in intact VNO undergo sensory 
adaptation, manifested by a time-dependent decline in sensitivity during sustained or 
repetitive stimulation (Fig. 3.29). This adaptation arises from the influx of Ca2+ and is 
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mediated by CaM. Removal of the Ca2+–CaM feedback, by preventing Ca2+ entry or 
by blockade of CaM signaling, virtually abolishes VSN adaptation (Fig. 3.29). Such 
adaptation is also observed at the level of the sensory current in individual, voltage-
clamped VSNs maintained in acute VNO tissue slices (Fig. 3.30). Together, the 
results of Figures 3.29 and 3.30 demonstrate that Ca2+–CaM-dependent adaptation 
underlies the phasic-tonic responses to pheromone stimulation as observed in this 
study. Current-clamp recordings demonstrate that Ca2+–CaM feedback effectively 
regulates the number of action potentials as well as the spiking pattern produced by 
a given chemostimulus (Fig. 3.30). This effect cannot be attributed to Ca2+ entry 
through voltage-gated Ca2+ channels because (1) the adaptation occurs in voltage-
clamped VSNs under conditions that prevent activation of voltage-gated Ca2+ 
channels; and (2) action potential generation produced by current injection, which 
bypasses upstream second messenger signaling, does not lead to such adaptation 
(Fig. 3.30). Analysis of the initial rising phase of field responses argues that blockade 
of CaM signaling by ophiobolin A does not alter the molecular steps upstream from 
the pheromone-sensitive channels. Hence, the most likely explanation or the 
adaptive effect observed here is that it depends on the down-regulation of TRPC2-
dependent channels, at least during the onset phase of adaptation. 
 
4.2.3 Comparison with adaptation in OSNs 
Our results identify a role of Ca2+–CaM in paired-pulse adaptation of VSNs (Figs. 
3.29 and 3.30). This stands in contrast to OSNs, for which Song et al. (2008) showed 
that eliminating Ca2+–CaM binding did not affect paired-pulse adaptation, at least via 
the B1b subunit of the olfactory CNG channel. Another difference between sensory 
adaptation of OSNs and VSNs is in the recovery time course. Compared with OSNs, 
recovery from adaptation in VSNs is relatively slow (see: Munger et al., 2001 and our 
study (Fig. 3.29)), occurring on a time scale of minutes. Although the exact 
mechanisms underlying this sluggish recovery remain to be determined, this finding 
might explain why previous studies were unable to observe VSN adaptation (Holy et 
al., 2000; Nodari et al., 2008). For instance, Nodari et al. (2008) typically recorded 
100–300 individual stimulus presentations delivered over a period of several hours 
and defined a VSN response criterion that required a minimum of five trials producing 
similar sized responses. On the basis of the present results, it seems possible that 
such responses could have been recorded under conditions in which VSN signaling 
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cascades were already in a fully adapted state. This would also explain some of the 
differences in VSN sensitivity between Nodari et al. (2008) and our work. In the main 
olfactory epithelium, Ca2+–CaM-mediated adaptation is known to prevent saturation 
of the signal transduction machinery during background stimulation and thus extends 
the range of signal detection and discrimination in vivo (Kelliher et al., 2003). Ca2+–
CaM-dependent regulation of transduction channels might serve a similar function in 
the VNO. Such a mechanism would make physiological sense, given that (1) 
activation of the SAG conductance can produce hundreds of picoamperes of inward 
current, yet only 1–2 pA of current is sufficient to elicit repetitive action potential firing 
in VSNs, and (2) spike frequency response curves already saturate with inward 
currents of ~20 pA (Liman and Corey, 1996; Lucas et al., 2003; Shimazaki et al., 
2006; Ukhanov et al., 2007). Analysis of the in vivo role of VSN adaptation in the 
context of sensory performance will require genetic manipulation of CaM interactions 
with the transduction channels, similar to approaches used in the main olfactory 
epithelium (Munger et al., 2001; Kelliher et al., 2003; Song et al., 2008). However, 
this goal is not yet feasible in the VNO, mainly because the subunit composition of 
the native pheromone-sensitive channels is not yet clear (Lucas et al., 2003) and 
poor expression in heterologous cells makes in vitro mutation strategies problematic 
as well (Hofmann et al., 2002). 
 
4.3 Persistent sensory activity in the mouse vomeronasal organ 
4.3.1 Existence of persistent sensory activation in VSNs 
Single-unit recordings from accessory olfactory bulb mitral cells of behaving mice 
reveal robust sensory responses following direct contact with a conspecific (Luo and 
Katz, 2003). However, these second-order activity patterns lack temporal precision - 
responses are delayed, slow, and persist even after direct contact ends (Luo and 
Katz, 2003). It is, therefore, plausible to hypothesize that integration of sensory input 
and action potential firing in the periphery also shows unusual temporal features.  
Indeed, we could demonstrate a novel signal type of sustained response in 
vomeronasal sensory neurons. We observed long-lasting Ca2+-oscillations (Hauk, 
2008; this study) and persistent action potential discharge in VSNs after prolonged or 
repetitive pheromonal stimulation or intracellular application of thapsigargin.  
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Previous recordings of peptide-evoked VNO responses (Leinders-Zufall et al., 2004; 
Spehr et al., 2005) used relatively brief stimuli. Although these pulses are ideal to test 
whether or not a given cell recognizes a stimulus, this may not exactly mirror the in 
vivo situation. In previous studies, it was shown that ligand-mediated activation of 
VSNs requires about 1 s (Holy et al., 2000) and that delivering water-soluble stimuli 
from the nose to the VNO takes 2 to 3 s (Meredith, 1994). Using longer-lasting 
pheromonal stimulation, we found that VSNs can generate sensory responses that 
differ drastically from previously published results. The most striking feature of this 
new response type is its temporal persistence, outlasting a given urine exposure for 
an extended period of time. We have observed such long-lasting responses at 
multiple levels of analysis (Fig. 3.31, 3.23 - 3.36). In current-clamp recordings from 
single VSNs in slice preparations, cells generate a long-lasting excitation after 
exposure to a mixture of natural pheromonal cues (male urine (1:100) and diluted 
female soiled bedding (1:100)) as well as in response to Ca2+ store depletion induced 
by thapsigargin treatment (Fig. 3.31 and 3.33). Similarly, in Ca2+-imaging 
experiments, acute dissociated VSNs (Fig. 3.36) as well as VSNs in slice 
preparations (Fig. 3.34) showed persistent Ca2+-oscillations still lasting after 
termination of urine or thapsigargin exposure. Moreover, in voltage-clamp 
experiments, we observed a slowly developing voltage-dependent Ca2+ current after 
intracellular exposure to thapsigargin (Fig. 3.35). 
Action potential parameters such as amplitude, half-width, 10-90 rise time (transition 
time between 10 % and 90 % of the peak amplitude), rise50 (time required to reach 
the half-maximal amplitude), 10-90 slope (slope (in mV/ms) measured between 10 % 
and 90 % of the peak amplitude), decay (time between 90 % and 37 % of the peak 
amplitude during the decay) and AP area (integral of the trace with respect to the 
average baseline) during immediate responses to initial brief stimulations as 
compared to AP discharge during periods of sustained activity did not show any 
significant difference (Fig. 3.32). These data, thus, demonstrate that essentially the 
same mechanisms are involved in AP generation during direct and transient as 
compared to sustained responses. As control experiments in absence of thapsigargin 
also revealed sustained activity in a number of unstimulated cells, we hypothesize 
that the intracellular Ca2+ level at ‘rest’ plays a crucial role for transforming a ‘silent’ 
neuron into a VSN displaying persistent activity. The ‘resting’ Ca2+ concentration in 
the cell might also be the reason for longer depolarization plateaus only observed 
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during simultaneous whole-cell patch-clamp and Ca2+-imaging recordings in VNO 
slice preparations. In these experiments, the pipette solution (I2) did not contain Ca2+ 
or EGTA as a chelator. Therefore, the Ca2+ concentration was not defined as it was 
in previous current-clamp experiments in which we omitted any Ca2+-sensitive 
reporter dyes and set a free intracellular Ca2+ concentration of 110 nM. To investigate 
the role of intracellular Ca2+ levels, experiments with different pipette solutions 
containing different defined Ca2+ concentrations have to be pursued in the future.  
About 30 % of cells, responding to the applied stimulus, showed a long-lasting 
activity pattern. Apart from the intracellular Ca2+ concentration, such a fraction of 
VSNs might correlate to a specific subpopulation of neurons. In mice, anatomical and 
biochemical evidence suggests a bipartite or even tripartite organization of neuronal 
VNO subpopulations (Brennan, 2004; Ishii and Mombaerts, 2008). The bipartite 
organization distinguishes between apical and basal neurons that express different 
types of vomeronasal receptors and signaling molecules and project to different 
areas in the accessory olfactory bulb. Recently, a tripartite organization was reported 
where basal neurons are divided into H2-Mv positive or negative (Ishii and 
Mombaerts, 2008). H2-Mv genes comprise nine nonclassical class I major 
histocompatibility Mhc genes, but their function in the VNO is still unclear (Ishii and 
Mombaerts, 2008) and so are the consequences of this di- or trichotomy for 
pheromone coding. One explanation for the occurrence of persistent activity in only 
one-third of investigated VSNs is that pheromonal information might be encoded in 
neuronal activity patterns that, in the temporal domain, fundamentally differ between 
apical and basal VSNs. In basal but not in apical VSNs, I could show in the present 
work that e.g. action potential discharge is regulated by the expression of ether-à-
gogo related K+ channels (Hagendorf et al., 2009). In future experiments, we will, 
therefore, have to comparatively investigate the molecular and cellular signaling 
mechanisms underlying the transduction of social chemicals in apical versus basal 
vomeronasal sensory neurons. In such experiments, cells should be routinely labeled 
during measurements by a fluorescent marker since post-hoc immunostaining 
reveals an individual cell’s subpopulation identity. 
As a potential function, prolonged VSN activation could underlie mechanisms of 
single trial olfactory learning and resultant changes in endocrine status. Many 
pheromonal cues that are sensed by the VNO affect a variety of behaviors that are 
vital for reproductive success, such as parent-offspring attachment, mate choice, and 
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territorial marking (Luo and Katz, 2004; Brennan, 2004). Moreover, the ability to 
recognize individuals based on their unique body odor plays an important role in 
mammalian social behavior (Brennan et al., 1990; Brennan and Keverne, 1997). The 
vomeronasal pathway forms a relatively direct route by which chemosensory stimuli 
mediate effects on endocrine status and / or stereotyped behavior. VSNs send their 
axons to glomeruli in the AOB where they innervate mitral and tufted (M/T) cells. M/T 
cells project on to the cortical-medial regions of the amygdala. The flow of information 
proceeds via the medial hypothalamus to the tuberoinfundibular dopaminergic 
neurons in the arcuate nucleus of the hypothalamus (Li et al., 1989, 1990, 1992). As 
sustained activity already occurs at the first level of signal transduction in the 
periphery, the prolonged action potential output to the AOB may result in changes in 
hormonal secretion. Single molecules or complex mixtures that shall induce an effect 
in endocrine status might trigger a prolonged discharge pattern and, thereby, induce 
second-order activity patterns that lack temporal precision (Luo and Katz, 2003). This 
unusual temporal pattern is then forwarded via the amygdala to the hypothalamus 
resulting in specific hormonal secretion patterns. One of the best characterized 
examples of such pheromonal effects is the selective pregnancy block (Bruce effect; 
Bruce, 1965) that is associated with the formation and maintenance of an olfactory 
recognition memory by the vomeronasal system (Halpern and Martinez-Marcos, 
2003; Kelliher et al., 2006). A newly mated female mouse learns the individual 
identity of the male's urinary chemosignals during mating. Exposure to the odor of an 
unfamiliar male activates neuroendocrine mechanisms leading to pregnancy failure 
by means of the AOB, amygdala, and medial hypothalamus.A possible 'location' for 
this 'memory' could be the AOB. It has been reported that electrical stimulation of the 
AOB is effective in blocking pregnancy (Li et al., 1994). Synaptic plasticity in the AOB 
could be part of the anatomical substrate for the chemosensory memory underlying 
the Bruce effect. Unusual output pattern of VSNs induced by long-lasting stimulation 
shown in this study might lead to synaptic changes in the AOB. 
 
4.3.2 Identification of pathway molecules  
To understand the physiological and behavioral implications of persistent excitation, it 
will be crucial to determine the exact mechanisms that underlie maintenance of 
sustained VSN activity. Having established the existence of sustained responses, a 
following set of experiments focused on its molecular basis. As Ca2+ oscillations 
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critically depend on the presence of extracellular Ca2+ (Hauk, 2008) they are, at least 
in part, generated via plasma-membrane Ca2+ channels. Therefore, we started to 
describe the pharmacological profiles of persistent responses by using specific 
antagonists of voltage-gated Ca2+ channels. Inhibitor-based Ca2+-imaging 
experiments revealed that L-type Ca2+ channels are involved in sustained 
oscillations, whereas the inhibition of T-type Ca2+ channels did not affect sustained 
activity (Fig. 3.36). However, preliminary data from current-clamp experiments with 
nimodipine, an L-type specific channel blocker, do not show a consistent result (Fig. 
3.37). Therefore, the number of experiments employing Ca2+ channel inhibitors will 
have to be extended in future experiments.  
Preliminary data from the laboratory of Prof. Frank Zufall (Saarland University, 
Homburg, Germany) indicated that transient receptor potential (TRP) channels might 
be involved in persistent sensory activity of VSNs. Recently, it was reported that 
TRPM5 as well as TRPM4 are expressed in the vomeronasal organ (Kaske et al., 
2007), but until now, no functional relevance of this expression pattern was shown. 
One report, describing a Ca2+-activated ion channel current in hamster VSNs (Liman, 
2003), concluded that this current might be mediated by TRPM4, but so far no 
physiological role of this channel was shown in VSNs. We, therefore, used mutant 
mice deficient for the genes encoding TRPM4 and TRPM5 channels (TRPM4--
/TRPM5-- to test our hypothesis, that these TRPM channels could play a crucial role 
in the mechanism underlying persistent sensory activity of VSNs. However, the 
mutant mice failed to show a different response pattern as compared to wildtype 
animals (Fig. 3.33). In mutant animals the number of responses to pheromonal 
stimuli is decreased, but similar effects were observed in wildtype littermate controls 
expressing functional TRPM4 and TRPM5 channels. To further investigate a potential 
role of other TRP channels in induction and / or maintenance of persistent activity, 
further transgenic animal models deficient for other TRP channel genes could be 
investigated. 
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5. Summary 
 
Conspecific chemosensory communication controls a broad range of social and 
sexual behaviors. In most mammals, social chemosignals are predominantly 
detected by sensory neurons of a specialized olfactory subsystem, the vomeronasal 
organ. The behavioral relevance of social chemosignaling puts high demands on the 
accuracy and dynamic range of the underlying transduction mechanisms. However, 
the physiological concepts implemented to ensure faithful transmission of social 
information remain widely unknown. 
The overall goal of my thesis was to uncover molecular and physiological concepts 
underlying pheromone signaling in the mouse VNO. To address these issues, I 
focused on three specific projects addressing vomeronasal plasticity (a), adaptation 
(b), and peripheral activity correlated to olfactory learning (c).  
My first goal was to investigate whether VSNs control their input-output relationships 
by activity-regulated expression of specific ion channels (homeostatic plasticity). 
Here, I report the activity-dependent expression of an ether-à-gogo related gene ion 
channel in basal vomeronasal sensory neurons of mice. Patch-clamp recordings from 
basal VSNs in acute VNO slices showed that ERG-mediated currents are activated 
during action potential discharge. Pharmacological block or deprivation-dependent 
down-regulation of ERG channels strongly diminished tonic firing in response to 
depolarizing current injections. Thus, these data indicate an important role of ERG 
channels in extending the dynamic response range of basal VSNs, revealing a 
previously unknown form of intrinsic plasticity in the VNO. 
In olfactory sensory neurons, as well as in most other sensory systems, the entire 
(chemo)transduction process adapts in response to saturating and/or prolonged 
stimulation, thus, adjusting the neuronal sensitivity range. Previous studies, however, 
claimed that VSNs represent an exception to that ‘rule’, i.e. they fail to adapt. 
Therefore, my second goal was to investigate a potential feedback modulation in 
VSN signaling. Here, I report that VSN responses undergo effective sensory 
adaptation that requires the influx of Ca2+ and is mediated by calmodulin. Removal of 
the Ca2+-CaM feedback eliminated pheromone adaptation. These data reveal a 
previously unrecognized feedback mechanism that is essential for adjusting the 
sensitivity of pheromone detection in the VNO. 
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Pheromonal exposure can induce robust single-trial memory by the vomeronasal 
system. Therefore, my third goal was to investigate this phenomenon on the level of 
AP firing and cytosolic Ca2+ signals. Here, I observed unusual temporal response 
features in VSNs. Electrophysiological recordings revealed persistent AP discharge 
after brief exposure to pheromonal cues in a subset of VSNs. A similar pattern was 
detected in imaging experiments that revealed long-lasting Ca2+-oscillations. This 
temporal response phenomenon could also be induced indirectly by Ca2+-store 
depletion. Pharmacological experiments revealed a role of voltage-gated L-type Ca2+-
channels. Although, the mechanisms of sustained activity in VSNs have to be 
investigated in detail in future experiments, these data indicate an important role of 
persistent and regenerative VSN output patterns for olfactory memory. 
Together, the data presented in this thesis reveal a fundamental function of activity-
dependent gene expression (homeostatic plasticity), Ca2+-CaM-dependent response 
adaptation, and sustained activity patterns in VSNs. Therefore, gain control and fine-
tuning of input-output relationships in VSNs may have a crucial impact on social 
behavior in mice. 
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6. Abbreviations 
 
A.M.   ante meridiem 
AC III   adenylate-cyclase III 
AL   apical layer 
ANO2   anoctamin 2 
AOB   accessory olfactory bulb 
AP   action potential 
ATP   adenosine triphosphat 
BK   large-conductance Ca2+-activated K+ 
BL   basal layer 
BV   blood vessel 
Ca2+   calcium 
Ca/CaM  Ca2+/calmodulin 
CaCC   calcium-activated chloride channels 
CaM   calmodulin 
cAMP   cyclic adenosine monophosphate 
cGMP   cyclic guanosine monophosphate 
CNG   cyclic nucleotide-gated 
CO2   carbondioxide 
DAG   diacylglycerol 
DAPI   4’,6-diamidino-2-phenylindole 
DIC   differential interference contrast 
DMSO  dimethylsulfoxide 
DNA   desoxyribonucleic acid 
DT   dendritic tip 
ERG   ether-à-go-go related gene 
GAPDH  glycerinaldehyde-3-phosphate-dehydrogenase 
GC-D   guanylyl cyclase D 
GFP   green fluorescent protein 
GG   Grueneberg ganglion 
GL   granule cell layer 
GPCR  G protein-coupled receptor 
hERG   human ether-à-go-go related gene 
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Hz   hertz 
IP3   inositol 1,4,5-trisphosphate 
K+   potassium 
KCNE3  Mink-related peptide 2 
KCNH2  ether-à-go-go related gene 1 
KCNH6  ether-à-go-go related gene 2 
KCNH7  ether-à-go-go related gene 3 
kDa   kilo Dalton 
L   lumen 
LNCaP  cultured prostate cancer cells 
LSD   least significant difference 
MeOH  methanol 
mERG  mouse ether-à-go-go related gene 
MHC   major histocompatibility complex 
MiRP   MinK-related peptide 
ML   microvillous layer 
MOE   main olfactory epithelium 
n   number 
Na+   sodium 
OB   olfactory bulb 
OMP   olfactory marker protein 
OR   odorant receptor 
OSN   olfactory sensory neuron 
P.M.   post meridiem 
PBS   phosphate buffered saline 
PCR   polymerase chain reaction 
PDE2   phosphodiesterase 2 
PDE4A  phosphodiesterase 4A 
PIP2   phosphatidylinositol 4,5-bisphosphate 
PL   Purkinje neuron layer 
PLC   phospholipase C 
PUFA   polyunsaturated fatty acid 
rERG   rat ether-à-go-go related gene 
RNA   ribonucleic acid 
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RT   room temperature 
RT-PCR  reverse transcription polymerase chain reaction 
SAM   significance analysis of microarray 
SCL   sustentacular cell layer 
SDS   sodium dodecyl sulfate 
SE   sensory epithelium 
SEM   standard error of the mean 
SO   septal organ 
T2R   bitter-taste receptor 
TAAR   trace amine-associated receptor 
TMEM16B  member of the transmembrane 16 group of proteins 
TRP   transient receptor potential 
TRPC2  transient receptor potential C2 
TRPM   melastatin-related receptor potential 
TTX   tetrodotoxin 
U   units 
V1R   vomeronasal receptor of the subfamily 1 
V2R   vomeronasal receptor of the subfamily 2 
VNO   vomeronasal organ 
VNX   surgical VNO ablation 
VSN   vomeronasal sensory neuron 
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the 7th Göttingen Meeting to the German Neuroscience Society 
2007, Göttingen, Germany (290 €) 
April 2007 Frauenförderung der Ruhr-Universität Bochum grant for 
attending the annual meeting of the Association of 
Chemoreception Sciences (AChemS) in Sarasota, United States 
(800 €) 
July 2008 Freunde der Ruhr-Universität Bochum e.V. grant for attending 
the International Symposium on Olfaction and Taste/AChemS 
Meeting (ISOT) in San Francisco, United States (500 €) 
July 2008 Frauenförderung der Ruhr-Universität Bochum grant for 
attending the International Symposium on Olfaction and 
Taste/AChemS Meeting (ISOT) in San Francisco, United States 
(800 €) 
January 2009 Rektoratsprogramm „Programm zur Unterstützung besonderer 
Aktivitäten von Doktorandinnen und Doktoranden“, grant for 
purchasing a fluorescent filter for life-cell-microscopy (1480 €) 
April 2009 Freunde der Ruhr-Universität Bochum e.V. grant for attending 
the 8th Göttingen Meeting to the German Neuroscience Society 
2009, Göttingen, Germany (150 €)  
April 2009 GlaxoSmithKline grant for attending the annual meeting of the 
Association of Chemoreception Sciences (AChemS) in Sarasota, 
Unites States (1000 €) 
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